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ABSTRACT 


Diagenetic  alteration  has  decreased  the  porosity  of  oil 
sand  materials  and  increased  their  strength  and  competency. 
The  diagenetic  processes  of  pressure  solution  and  authigenic 
crystal  overgrowth  are  examined  in  terms  of  the 
environmental  conditions  related  to  their  occurrence  and  the 
grain  fabric  alterations  they  produce.  The  influence  of 
these  processes  on  oil  sand  materials  is  demonstrated  by 
reference  to  scanning  electron  and  optical  micrographs  of 
intact  samples  of  the  McMurray  and  Grand  Rapids  Formations. 
The  grain  fabric  of  a  number  of  comparative  materials  is 
examined  to  aid  in  delineation  of  sandstone  fabric. 

Previous  investigations  of  the  strength  of  granular 
materials  are  reviewed,  together  with  several  models  for  the 
strength  of  granular  materials  and  rocks.  The  curvilinear 
failure  envelope  obtained  in  oil  sand  materials  is 
discussed,  and  a  curve- f i t t i ng  technique  for  analysis  of  oil 
sand  strength  is  examined. 

Block  samples  of  oil -free  McMurray  and  Grand  Rapids 
Formations  were  obtained  from  river  valley  outcrops  in  the 
Fort  McMurray  area.  The  specimens  were  tested  in  the  direct 
shear  apparatus  to  delineate  Mohr-Coulomb  failure  criteria 
and  di latent  behaviour.  In  addition,  oedometer  tests  were 
conducted  to  determine  the  compressibility  of  the  materials. 
Index  data  were  collected  to  aid  analysis  of  grain  fabric. 

The  results  of  the  strength  and  index  tests  are 
examined  in  terms  of  the  factors  which  influence  the 
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strength  of  a  locked  sand.  A  qualitative  classification  for 
the  effect  of  di agenesis  on  strength  is  proposed  based  on 
the  porosity  reduction  resulting  from  diagenesis. 
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PREFACE 


Further  documentation  of  the  diagenetic  alteration  of 
the  materials  examined  may  be  found  by  reference  to  a  report 
submitted  to  the  Alberta  Oil  Sands  Technology  and  Research 
Authority,  Agreement  Number  56,  File  Number  8869G,  May, 

1980. 
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1.  INTRODUCTION 


Development  of  Alberta's  heavy  oil  deposits  by  surface 
mining  and  in  situ  production  techniques  requires  a 
Knowledge  of  the  geological  and  engineering  properties  of 
the  oil  sand  materials.  The  locations  of  Alberta's  four 
major  heavy  oil  deposits  are  shown  in  Figure  1.1.  The 
primary  resource  recovery  taking  place  at  present  is  the 
surface  mining  operations  in  the  Athabasca  deposit.  This 
deposit  is  the  only  one  of  the  four  areas  which  contains 
locations  where  overburden  thickness  is  low  enough  to  permit 
surface  mining.  Pilot  projects  for  in  situ  recovery  are  also 
in  operation  in  the  different  areas. 

The  concern  of  this  study  is  an  examination  of  the 
micro-fabric  and  strength  properties  of  oil  sands.  Samples 
of  oil-free  McMurray  and  Grand  Rapids  Formations  from  the 
Athabasca  area  were  used  to  investigate  the  influence  of 
micro-fabric  on  the  engineering  properties  of  strength  and 
compressibi 1 i ty . 

Figure  1.2  is  an  illustration  of  the  stratigraphy  of 
the  oil  sands  deposits  and  the  zones  of  oil  saturation  at 
each  location.  A  more  detailed  description  of  the 
stratigraphy  and  deposit ional  environments  of  the  Athabasca 
deposit  is  given  in  Figure  1.3. 

The  primary  zone  of  oil  saturation  in  the  Athabasca 
deposit  is  in  the  McMurray  Formation,  a  quartzose  sand  of 
early  Cretaceous  age.  Carrigy  (1959)  proposed  a  threefold 
division  of  the  McMurray  Formation  as  follows: 
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1.  Upper  Member:  fine-grained  horizontally-bedded  quartz 
sands ; 

2.  Middle  Member:  medium-grained  cross-bedded  sands  with 
lenticular  beds  of  silt,  shale,  clay,  and  ironstone; 

3.  Lower  Member:  poor ly~sor ted  fine-  to  coarse-grai ned 
sands,  together  with  a  basal  clay  stratum. 

Grain  size  analysis  shows  a  f i ni ng-upwards  trend  through  the 
formation.  The  depositional  environments  associated  with 
these  strata  are  shown  in  Figure  1.3  ( Mossop , 1 978 ) . 

The  Grand  Rapids  Formation  consists  of  three  major 
sandstone  units  with  shaley  sequences  (Kramers,  1974).  The 
deposit  is  a  quartz-feldspar  sandstone  with  a  variable  clay 
content.  The  Grand  Rapids  Formation  is  the  primary  zone  of 
oil  saturation  in  the  Wabasca  and  Cold  Lake  oil  sands 
depos its. 

Examination  of  grain  surface  features  and  grain 
contacts  in  oil  sands  by  use  of  the  scanning  electron 
microscope  (SEM)  demonstrates  that  the  materials  have  been 
di agenet i ca 1 ly  altered  by  processes  of  pressure  solution  and 
authigenic  crystal  overgrowth,  resulting  in  an  interlocking 
fabric.  This  fabric  is  character ized  by  high  strength  and 
di latency  at  low  normal  stress,  and  a  gradual  suppression  of 
di latency  with  increasing  normal  stress.  The  result  of  this 
behaviour  is  a  Mohr-Coulomb  failure  envelope  with  extreme 
curvature.  This  type  of  material  has  been  designated  as  a 
"locked  sand"  (Dusseault  and  Morgenstern,  1979). 

The  primary  concern  of  traditional  analyses  of 
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diagenetic  alteration  in  sandstones  is  an  evaluation  of  the 
porosity  reduction  and  its  influence  on  the  reservoir 
characteristics  of  the  mass.  The  development  of  surface 
mining  in  oil  sands  and  the  possibility  of  future  resource 
exploitation  by  mine-assisted  in  situ  processing  has  added  a 
new  dimension  to  the  analysis  of  diagenesis  in  terms  of  its 
influence  on  the  engineering  behaviour  of  the  material. 

The  difficulties  of  obtaining  undisturbed  samples  in 
oil  sands  have  been  described  by  Dusseault  (1977). 

Exsolution  of  gas  from  the  pore  fluid  phase  on  removal  of 
overburden  pressure  causes  gross  disturbance  of  the  soil 
skeleton,  and  attempts  to  control  this  process  have  resulted 
in  only  limited  success.  The  results  of  laboratory  tests  for 
measurement  of  density  and  strength  are  thus  not 
representative  of  the  in  situ  properties  of  the  material. 
Density  test  results  obtained  in  the  laboratory  are 
generally  lower  than  the  values  obtained  by  geophysical 
logging  techniques.  Therefore  a  correlation  between 
diagenetic  fabric  (with  corresponding  porosity)  and  strength 
would  be  a  valuable  tool  in  assessing  the  engineering 
behaviour  of  oil  sands. 

The  diagenetic  processes  of  pressure  solution  and 
authigenic  crystal  overgrowth  are  described  in  Chapter  2  in 
terms  of  the  environmental  conditions  associated  with  their 
occurrence  and  the  surface  and  contact  features  which  they 
produce.  In  Chapter  3  the  influence  of  these  diagenetic 
processes  on  the  grain  fabric  of  oil  sands  is  demonstrated 
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by  reference  to  scanning  electron  and  optical 
photomicrographs  of  undisturbed  block  specimens. 
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In  Chapter  4  the  various  strength  relationships  which 
have  been  proposed  for  granular  materials  and  rocks  are 
examined,  and  past  experiments  on  interlocking  materials  are 
reviewed.  The  curvilinear  Mohr -Cou lomb  envelope  obtained  for 
oil  sands  is  analyzed. 

The  results  of  strength,  compressibility,  and  index 
tests  on  oil -free  samples  of  the  McMurray  and  Grand  Rapids 
Formations  are  presented  in  Chapter  5.  The  influence  of 
diagenesis  on  the  engineering  properties  of  oil  sand 
materials  is  discussed,  together  with  some  of  the  practical 
implications  of  these  properties. 

Chapter  6  summarizes  the  conclusions  drawn  from  the 
experimental  work. 
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Figure  1.1  :  Location  of  Alberta’s  four  major 
heavy  oil  deposits. 
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Figure  1.2  :  Correlation  chart  for  Alberta’s  heavy 
oil  deposits  (after  Singh,  1971). 


Grand  Rapids  Formation 

Three  major  sandstone  units  (non-marine)  with  shaley 
sequences  (shallow  marine);  quartz-feldspar  sandstone. 


Clearwater  Formation 

Marine  clay  shales  (70%),  fine-grained  sands  and  silts 
(25%),  concretions  and  cemented  bands  (5%),  shallow 
marine  sequence. 


Wabiskaw  Member 

Glauconitic  shallow  marine  sand;  barrier  bar  facies. 

Upper  McMurray  Formation 

Fine-grained  horizontally-bedded  quartz  sands  to  clayey 
silts;  tidal  flat  regime. 


Middle  McMurray  Formation 

Medium-grained  quartz  sands,  lenses  of  siltstone,  shale 
coal,  ironstone  and  cemented  sandstone;  fluvial-estuarine 
accretion  plain  facies. 


Lower  McMurray  Formation 

Poorly  sorted  fine-to-coarse-grained  quartz  sands  with 
pebble  conglomerate;  channel  lag  deposits  in  a 
continental  stream  regime. 

Basal  Clays 

Clay-shales  of  paludo-lacustrine  origin. 

Devonian  Limestones 

Competent  jointed  limestones. 


Figure  1.3  :  Stratigraphy  and  depositional  environments 
of  the  Athabasca  Oil  Sands. 


2.  DIAGENETIC  PROCESSES 


2.1  Introduction 

Diagenesis  is  the  process  of  physical  and  chemical 
change  which  occurs  in  a  sediment  after  deposition.  In 
general,  diagenetic  processes  are  defined  as  those  which 
take  place  at  low  temperature  and  pressure,  and  as  such  are 
the  lower  end  of  the  metamorphic  spectrum.  Thus  diagenetic 
changes  grade  into  metamorphism  as  the  environmental 
conditions  progress  from  those  associated  with  low  depths  of 
burial  to  greater  depths.  These  changes  affect  the 
character i s t i cs  of  the  mass  both  as  a  reservoir  rock  and  as 
an  engineering  material. 

There  are  three  basic  methods  of  pore  space  filling 
(Taylor,  1950):  simple  pore  filling  or  cementation,  pressure 
solution,  and  recrystallization  of  material  on  free  grain 
surfaces  (authigenic  overgrowth).  Only  the  latter  two 
processes  are  of  importance  in  the  oil  sand  materials 
studied  herein. 

In  this  chapter  the  geochemical  properties  of  silica 
are  reviewed  to  provide  a  background  for  discussion  of 
diagenesis.  The  processes  of  pressure  solution  and 
authigenic  overgrowth  are  examined  in  terms  of  the 
conditions  necessary  for  their  occurrence  and  the  mechanisms 
which  control  them.  The  effect  of  these  processes  on  the 
grain  fabric  and  grain  contacts  of  sandstones  is  described. 
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2.2  Geochemical  Properties  of  Silica 

Silica  exists  in  a  number  of  different  forms  in 
sediments  (Siever,  1957).  Crystalline  alpha-quartz,  stable 
at  low  temperatures  and  pressures,  and  beta-quartz,  stable 
at  higher  temperatures  and  pressures,  are  the  most  common 
forms.  Other  forms  are  chert,  which  is  composed  primarily  of 
mi crocrys ta 1 1 i ne  quartz,  and  amorphous  silica,  which  has 
only  transitory  crystalline  order . 

Silica  in  solution  can  exist  in  one  of  two  forms, 
either  molecularly  dispersed,  or  as  a  colloidal  material 
when  the  concentration  of  molecularly  dispersed  silica 
exceeds  the  solubility.  This  colloidal  solution  is  the  first 
stage  of  precipitation. 

The  fundamental  property  of  silica  which  controls  the 
development  of  pressure  solution  and  authigenic  overgrowth 
is  its  solubility.  This  is  dependent  on  a  number  of  factors: 

1.  Form  of  silica:  A  difference  in  solubility  between  the 
various  forms  of  silica  exists  because  of  the  different 
surface  energies  caused  by  ordered  and  disordered 
states.  Amorphous  silica  is  thus  more  soluble  than 
crystalline  quartz  (Figure  2.1).  KrausKopf  (1959) 
indicated  that  the  solubility  of  amorphous  silica  at 
25°C  is  about  140  ppm,  whereas  the  solubility  of  quartz 
for  similar  temperature  ranges  is  approximately  6  to  14 
ppm. 

2.  Temperature:  Both  the  solubility  of  silica  and  the  rate 
of  attainment  of  solution  equilibrium  are  increased  by 
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an  increase  in  temperature  (Figure  2.1). 

3.  Pressure:  An  increase  in  stress  will  cause  an  increase 
in  the  solubility  of  silica  (Kennedy,  1950;  de  Boer, 
1977a,  b).  This  will  be  discussed  further  under  the 
topic  of  pressure  solution. 

4.  pH:  The  solubility  of  silica  is  largely  independent  of 
pH  for  values  below  nine,  and  then  rises  abruptly  with 
increasing  alkalinity  (Figure  2.2). 

5.  Presence  of  other  solids:  Okamoto  et  al .  (1957)  found 
that  the  presence  of  aluminum  will  assist  the  formation 
of  colloidal  silica  and  thus  aid  silica  precipitation. 
Other  materials  may  also  affect  silica  solubility. 
Considerable  time  is  required  for  the  silica  solubility 

reaction  to  approach  equilibrium.  Precipitation  of  amorphous 
silica  takes  place  when  the  solution  becomes  supersaturated, 
and  the  amorphous  precipitate  is  then  converted  to  quartz 
over  long  periods  of  time.  For  the  development  of  pressure 
solution  and  crystal  overgrowths  in  the  laboratory,  high 
temperatures  must  be  used  to  shorten  the  duration  of  the 
experiments  to  a  reasonable  time  period.  This  may  not  be  an 
adequate  representation  of  the  silica  solubility  reaction 
over  long  time  periods. 

The  degree  of  silica  saturation  of  natural  waters  has 
been  discussed  by  Siever  (1962),  Milligan  (1976),  and  Davis 
(1964).  Davis  conducted  a  review  of  published  data  on  silica 
concentration  in  natural  waters.  The  median  silica 
concentration  in  groundwater  was  found  to  be  17  ppm  with  a 
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variation  in  median  between  regions  of  9  to  85  ppm.  The 
median  concentration  in  stream  water  was  found  to  be  14  ppm. 
Concentrations  of  less  than  three  ppm  were  found  only  in 
ocean  and  lake  water,  where  the  silica  is  removed  by  the 
biological  action  of  siliceous  organisms  such  as  diatoms. 

Water  recently  derived  from  rain  or  snow  also  has  a 
lower  silica  concentration.  There  is  evidence  that  the 
silica  concentration  of  this  water  reaches  equilibrium 
fairly  rapidly,  in  spite  of  the  slow  rate  of  the  silica 
solubility  reaction.  Davis  has  presented  possible  reasons 
for  this  phenomenon.  Particles  suspended  in  runoff  expose  a 
larger  surface  area,  and  consequently  more  silica  is 
dissolved.  Also,  the  turbulence  of  the  runoff  streams  will 
cause  fracturing  of  quartz  grains  and  thus  increase  silica 
solubility.  If  the  runoff  passes  through  the  upper  soil 
profile,  this  will  constitute  an  additional  source  of 
silica. 

The  two  primary  influences  on  the  silica  concentration 
in  natural  waters  are  the  type  of  material  through  which  the 
water  flows  and  the  temperature.  The  increased  temperature 
of  thermal  spring  waters  results  in  a  high  concentration  of 
dissolved  silica,  up  to  4000  ppm  (Davis,  1964). 

Sources  of  silica  in  solution  were  examined  by  Siever 
(1957).  The  primary  source  was  found  to  be  weathering  of 
silicate  minerals.  Other  sources  include  weathering  of 
clays,  thermal  springs,  and  biochemical  dissolution  of 
siliceous  organisms. 
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2.3  Pressure  Solution 
2.3.1  Definition 

Pressure  solution  is  the  process  whereby  grains  are 
dissolved  at  their  points  of  contact  due  to  the  effective 
i ntergranu 1 ar  stress.  This  results  in  a  decrease  in  porosity 
and  an  increase  in  strength. 

A  number  of  different  mechanisms  have  been  proposed  for 
pressure  solution,  and  these  will  be  discussed  below.  On  the 
basis  of  nonhydrostatic  thermodynamics  the  most  logical 
mechanism  has  been  determined.  With  this  understanding  of 
how  pressure  solution  occurs,  the  factors  which  influence 
its  development  are  discussed. 

2.3.2  Mechanism  of  Pressure  Solution 

Bathurst  (1958)  proposed  a  mechanism  for  pressure 
solution  which  states  that  there  is  direct  contact  (no 
intervening  solution  film)  between  the  grain  surfaces  of 
adjoining  particles,  and  thus  solution  can  only  take  place 
where  the  pore  fluid  meets  the  grain  contact  (at  the  edges 
of  the  contact).  The  solubility  at  these  locations  will  be 
increased  by  high  shear  stresses  associated  with  the  stress 
transfer  across  the  grain  boundaries.  As  the  edges  of  the 
contact  gradually  dissolve,  the  contact  area  will  be  reduced 
until  collapse  occurs  and  the  contact  area  is  restored.  The 
process  then  repeats  itself  (Figure  2.3). 

Weyl  (1959)  postulated  the  existence  of  a  thin  fluid 
film  between  the  grain  contacts  which  allows  diffusion  of 
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dissolved  material  through  the  film  and  into  free  pore 
space.  The  activating  force  for  pressure  solution  would  thus 
be  the  effective  normal  stress  across  the  grain  contact.  The 
solution  film  is  adsorbed  on  the  surface  of  the  grain,  and, 
if  there  is  no  significant  direct  contact  between  the 
grains,  must  be  able  to  support  shear  stress  (Figure  2.4). 
The  concept  of  a  bound  water  layer  does  not,  however, 
preclude  the  possibility  that  some  portion  of  the  grains  may 
be  in  direct  contact. 

As  reported  by  de  Boer  (1977a),  the  existence  and 
properties  of  this  adsorbed  solution  film  have  been 
investigated  (Every  et  al . ,  1961;  Kenichi ,  1968)  and  the 
results  support  Weyl's  assumption.  It  was  found  that  the 
adsorbed  water  layer  was  capable  of  withstanding 
considerable  pressures.  No  measurements  of  silica  diffusion 
through  such  a  layer  have  been  reported. 

Thomson  (1959)  proposed  a  pressure  solution  mechanism 
based  on  silica  diffusion  within  the  mass.  He  observed  that 
the  presence  of  clay,  in  this  case  illite,  promoted  pressure 
solution  along  grain  boundaries,  and  postulated,  that  the 
exchange  of  calcium  and  magnesium  for  the  potassium  in 
illite  creates  an  alkaline  environment  and  increases  the 
silica  solubility.  The  silica  then  dissolves  and  migrates  to 
areas  of  low  pH  at  free  grain  surfaces  where  it  is 
deposi ted . 

Lerbekmo  and  Platt  (1962)  also  observed  that  pressure 
solution  was  promoted  by  clay,  and  postulated  the  following 
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mechanism:  ferric  oxide  is  reduced  to  form  iron  carbonate 
and  iron  sulphide,  and  the  consequent  release  of  hydroxyl 
ions  increases  the  pH  locally  and  thus  increases  the  silica 
solubility.  This  reaction  requires  a  source  of  sulphur, 
which  was  postulated  to  be  su 1 phur -bear i ng  organic  material. 

Neither  of  the  latter  two  mechanisms  constitutes  an 
adequate  explanation  for  the  occurrence  of  pressure 
solution,  as  solution  has  been  observed  to  occur  without  the 
presence  of  clay.  The  validity  of  the  proposals  of  Weyl  and 
Bathurst  must  thus  be  examined. 

Weyl' s  mechanism  is  the  only  one  which  accounts  for  the 
phenomenon  of  "force  of  crystallization"  (Becker  and  Day, 
1916;  Taber,  1916).  When  a  crystal  placed  between  two 
boundaries  is  fed  with  the  appropriate  super sa tur ated 
solution  it  will  grow  until  it  comes  into  contact  with  the 
boundaries,  and  will  then  exert  a  force  to  push  them  apart, 
even  if  it  is  free  to  grow  in  other  directions.  This  process 
is  the  reverse  of  pressure  solution.  Only  Weyl' s  mechanism 
is  reversible,  thus  taking  this  phenomenon  into 
consideration . 

In  order  to  analyze  the  validity  of  the  Bathurst  and 
Weyl  mechanisms,  a  nonhydrostatic  thermodynamic  analysis  of 
the  change  in  solubility  with  pressure  has  been  undertaken 
by  several  researchers  (de  Boer,  1977a,  b;  Rutter,  1976; 
Paterson,  1973).  The  results  of  these  analyses  indicate  that 
at  a  "free"  surface  exposed  only  to  the  pore  fluid  the 
solubility  increase  with  stress  is  negligible,  whereas  the 
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solubility  is  significantly  increased  at  a  face  subjected  to 
compressive  loading  in  addition  to  the  fluid  pressure,  ie. 
at  a  grain  boundary  (Figure  2.5).  This  tendency  for  the 
solubility  to  increase  with  normal  stress  far  outweighs  the 
effect  of  dissolution  along  a  preferred  lattice  orientation. 
Since  the  stresses  are  almost  completely  concentrated  within 
the  contact  area,  the  solubility  is  not  significantly 
increased  at  the  edges  of  the  contact,  thus  Bathurst's 
mechanism  is  not  adequate  to  account  for  the  occurrence  of 
pressure  solution.  This  conclusion  supports  the  validity  of 
Weyl' s  mechanism.  There  will  be  a  small  zone  very  close  to 
the  contact  area  where  the  solubility  will  be  slightly 
increased,  but  the  pressure  solution  process  will  be 
dominated  by  the  solution  which  takes  place  within  the 
contact  area. 

The  analysis  described  above  indicates  that  it  is  the 
portion  of  the  normal  stress  above  the  fluid  pressure  which 
causes  the  significant  increase  in  solubility.  Thus  it  is 
the  effective  stress  which  activates  pressure  solution.  This 
concept  has  been  experimentally  verified  by  Sprunt  and  Nur 
(1976).  Their  experiments  were  conducted  on  samples  of  St. 
Peter  sandstone  at  elevated  temperatures ,  using  distilled 
water  as  the  pore  fluid.  The  tests  were  of  two-week 
duration.  It  was  found  that  samples  subjected  to  hydrostatic 
pressure  experienced  almost  no  reduction  in  porosity,  while 
in  those  subjected  to  nonhydrostatic  stress  the  porosity  was 
reduced  to  as  little  as  55  percent  of  its  original  value. 
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Kennedy  (1950),  on  the  basis  of  experiment,  stated  that 
temperature  has  a  greater  influence  than  stress  on  silica 
solubility.  His  experiments  were  conducted  under  hydrostatic 
conditions,  and  this  accounts  for  the  small  solubility 
increase  encountered  with  increased  stress.  Weyl  (1959) 
developed  thermodynamic  solubility  equations  for  a 
hydrostatic  stress  system,  and  these  equations  predict  a 
much  lower  solubility  increase  than  the  nonhydrostatic 
ana lysi s . 

On  the  basis  of  Weyl' s  mechanism,  pressure  solution  can 
be  considered  as  a  process  involving  three  steps:  the 
material  is  dissolved  from  the  solid  phase  into  the 
i ntergr anu 1 ar  film;  it  is  then  diffused  through  the  film 
into  free  pore  space  in  response  to  a  chemical  potential 
gradient;  and  finally  it  is  precipitated  as  secondary 
overgrowths  on  free  grain  surfaces,  or  transported  out  of 
the  system.  The  slowest  portion  of  this  process,  and 
therefore  the  one  which  controls  the  rate  of  pressure 
solution,  is  the  diffusion  through  the  solution  film. 

Rutter  (1978)  has  developed  an  expression  relating  the 
rate  of  displacement  (rate  of  solution)  to  the  stress, 
temperature,  diffusion  characteristics  and  thickness  of  the 
i ntergranu 1 ar  film.  While  the  behaviour  of  the  solution  film 
is  not  well  understood,  it  is  evident  that  the  most 
sensitive  parameter  is  the  diffusion  coefficient  for  the 
film  and  its  dependence  on  the  i ntergranu 1 ar  stress.  It 
becomes  apparent  from  his  analysis  that  pressure  solution 
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can  take  place  over  a  wide  range  of  temperature  and  pressure 
conditions  if  the  time  scale  is  sufficiently  large  for  the 
reaction  to  take  place.  There  is  thus  no  direct  correlation 
between  degree  of  pressure  solution  and  the  age  of  the 
formation,  as  the  environmental  conditions  may  be 
continually  fluctuating.  The  occurrence  of  pressure  solution 
is  not  limited  to  materials  which  have  been  buried  to  a 
certain  depth. 

The  presence  of  pore  water  has  been  found  to  be 
necessary  for  the  development  of  pressure  solution,  but  the 
concentration  of  ions  in  the  fluid  does  not  appear  to 
influence  solution.  De  Boer  (1977b)  conducted  a  series  of 
experiments  in  which  the  concentration  of  sodium  chloride  in 
the  pore  fluid  was  varied  in  samples  placed  under  a  constant 
stress  and  temperature.  The  results  for  all  tests  were 
nearly  identical,  indicating  that  the  concentration  of  ions 
in  the  pore  fluid  has  no  effect  on  pressure  solution.  This 
conclusion  supports  the  validity  of  Weyl's  mechanism. 

2.3.3  Factors  Affecting  Pressure  Solution 

The  environmental  and  material  factors  which  influence 
pressure  solution  are: 

1.  Stress:  The  stresses  within  the  material  are  influenced 
by  a  number  of  factors:  deposition  and  original  packing 
of  the  grains,  grain  size  and  shape,  the  depth  of 
burial  (weight  of  overburden) ,  the  fluid  pressure  in 
the  pores,  and  the  degree  of  structural  deformation, 
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due  either  to  differential  compaction  or  tectonic 
activity.  Because  of  the  variety  of  factors  which 
influence  pressure  solution,  no  universal  relationship 
can  be  found  between  the  degree  of  solution  and  depth 
of  burial,  though  some  correlations  have  been  done  for 
individual  locations  (Taylor,  1950;  Maxwell,  1964; 

Phi  1  lip  et  al . ,  1963;  Selley,  1978).  Siever  (1959) 
noted  that  in  two  locations  within  a  sandstone  mass 
which  were  subjected  to  similar  overburden  pressures, 
increased  structural  deformation  in  one  location  had 
increased  the  amount  of  pressure  solution  which  had 
taken  place.  He  stated  that  the  effects  of  structural 
deformation  appeared  to  outweigh  the  influence  of 
burial  depth. 

In  the  experiments  of  Sprunt  and  Nur  (1976) 
discussed  above,  a  series  of  tests  were  conducted  on 
hollow  cylinder  specimens  with  a  pore  pressure  applied 
to  the  inside  diameter  and  a  confining  pressure  applied 
outside,  thus  creating  a  stress  differential  (effective 
stress)  in  the  specimen.  One  set  of  tests  was  conducted 
under  a  constant  stress  differential  for  a  series  of 
pore  pressures,  and  it  was  found  that  for  an  experiment 
of  two-week  duration  the  porosity  reduction  due  to 
solution  increased  with  increasing  pore  pressure.  A 
second  set  of  tests  was  performed  with  constant  pore 
pressure,  and  the  confining  pressure  was  varied.  The 
results  indicate  that  the  porosity  reduction  did  not 
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depend  on  confining  pressure  (Figure  2.6).  It  was 
concluded  that  although  a  stress  differential  is 
required  to  activate  pressure  solution,  the  rate  of 
solution  is  controlled  by  the  pore  pressure.  It  was  not 
possible  to  determine  whether  the  final  equilibrium 
porosity  depended  on  the  effective  stress,  as  the 
experiments  were  not  carried  to  equilibrium. 

2.  Temperature:  An  increase  in  temperature  will  cause  an 
increase  in  solubility  and  will  therefore  promote 
pressure  solution.  The  heat  induced  by  tectonic 
activity  (folding,  faulting)  may  thus  enhance  the 
intensity  of  pressure  solution. 

3.  Clay  coatings:  As  previously  mentioned,  clay  coatings 
can  enhance  pressure  solution  (Cecil  and  Heald,  1971; 
Taylor,  1978a).  A  dramatic  illustration  of  this  is 
given  by  Heald  (1956).  Two  samples  located  two  inches 
from  each  other  in  a  sandstone  mass  were  examined.  In 
the  clay-free  sample  little  pressure  solution  had 
occurred,  whereas  in  the  second  sample,  in  which  the 
particles  were  covered  by  a  thin  clay  coating, 
extensive  pressure  solution  had  taken  place.  De  Boer 
(1977b)  makes  reference  to  a  study  by  Novel li  and 
Mattavelli  (1967)  which  concluded  that  increased  grain 
interpenetration  in  a  sandstone  was  caused  by  i  1  1  i  te 
clay  coatings.  For  clay  contents  greater  than  five 
percent,  however,  they  found  that  interpenetration  was 
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On  the  basis  of  Weyl' s  mechanism  for  pressure 
solution,  it  becomes  apparent  that  the  clay  layer 
enhances  pressure  solution  by  holding  water  within  the 
grain  boundary  and  allowing  easier  diffusion  of 
dissolved  material.  Too  much  clay  may  result  in  a 
"cushioning  effect"  (Siever,  1959),  whereby  the  clay  is 
embedded  in  the  grains  and  equalization  of  pressure 
occurs . 

It  has  been  postulated  that  the  clay  acts  as  a 
catalyst  in  the  silica-diffusion  reaction  (Thomson, 

1959;  Lerbekmo  and  Platt,  1962).  De  Boer  (1977b)  stated 
that  this  is  not  likely  to  contribute  significantly  to 
the  promotion  of  pressure  solution. 

4.  Grain  size:  The  theory  developed  by  Weyl  predicts  that 
a  decrease  in  grain  size  will  increase  the  porosity 
reduction  due  to  pressure  solution,  and  this  has  been 
supported  by  observations  of  actual  materials  (Renton 
et  al . ,  1969).  The  porosity  reduction  will  also 
increase  with  increasing  angularity  of  the  grains.  This 
indicates  that  a  higher  specific  surface  area  will 
increase  the  influence  of  pressure  solution.  According 
to  Trurnit  (1967),  grains  with  lower  radii  of  curvature 
will  penetrate  into  those  with  higher  radii  of 
curvature,  all  other  conditions  being  equal. 

5.  Organic  impurities:  Pressure  solution  has  been  found  to 
be  inhibited  by  the  presence  of  organic  impurities  such 
as  oil,  gas,  or  other  hydrocarbons  (Phillip  et  al . , 
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1963).  Siever  (1962)  found  that  the  solubility  of 

silica  is  significantly  reduced  in  peat  waters. 

Rittenhouse  (1971)  has  calculated  the  porosity  loss 
resulting  from  solution  of  grains  at  contact  points  for 
various  packing  arrangements  of  ideal  spherical  and 
ellipsoidal  particles.  Figure  2.7  shows  the  relation  between 
the  porosity  loss  due  to  pressure  solution  and  the  amount  of 
cement  generated  for  four  packing  arrangements.  Because  of 
the  close  packing  of  the  grains,  orthorhombic  packing 
rotated  30  degrees  is  considered  to  represent  the  maximum 
amount  of  cement  which  could  be  generated  from  a  given 
porosity  loss  for  any  sandstone.  In  a  real  sandstone  the 
cement  generated  would  be  less  than  this  due  to  the  effects 
of  angularity,  poor  sorting,  and  three-dimensional  stress 
conditions.  This  indicates  that  the  process  of  cement 
production  from  pressure  solution  is  comparatively 
inefficient  in  reducing  sandstone  porosity,  although 
solution  itself  causes  a  significant  porosity  reduction. 

Sibley  and  Blatt  (1976)  conducted  a  thin-section  study 
of  sandstones  in  which  they  estimated  the  amount  of  detrital 
and  authigenic  quartz,  clay  minerals,  and  pore  space  in 
fourteen  sandstones  from  various  locations.  The  amount  of 
porosity  loss  due  to  pressure  solution  was  also  estimated. 
The  results  of  this  analysis  have  been  plotted  on  a  diagram 
of  cement  generated  from  pressure  solution  versus  the 
porosity  loss  due  to  solution,  assuming  all  the  dissolved 
silica  from  pressure  solution  becomes  authigenic  quartz 
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(Figure  2.8).  The  horizontal  axis  also  shows  the  equivalent 
minus-cement  porosity,  assuming  an  initial  porosity  of  40 
percent  for  comparison.  The  theoretical  relationships  for 
orthorhombic  packing  rotated  30  degrees  under  one-  and 
three-dimensional  strain  have  also  been  plotted.  This  data 
supports  R i t tenhouse' s  conclusion  that  orthorhombic  packing 
rotated  30  degrees  represents  the  maximum  amount  of  cement 
which  could  be  generated  for  a  given  porosity  loss. 

2.3.4  Grain  Surface  and  Contact  Features 

Diagenesis  results  in  increased  interlocking  of  grain 
contacts.  Unaltered  materials  usually  have  tangential 
contacts,  and  these  will  gradually  be  changed  to  long, 
concavo-convex,  and  sutured  contacts  (Figure  2.9).  Trurnit 
(1967)  developed  a  classification  system  for  the  geometry  of 
pressure  solution  contacts  in  terms  of  the  influence  of  the 
radii  of  curvature  and  the  relative  solubility  of  the 
grains.  He  stated  that  grains  possessing  different 
solubilities  will  tend  to  develop  smooth  contacts,  whereas 
those  with  equal  solubility  will  initially  develop  smooth 
contacts,  which  will  progress  to  sutured  (stylolitic) 
contacts . 

Stylolites  are  a  special  form  of  pressure  solution 
feature.  They  are  irregular  sutured  boundaries  composed  of  a 
series  of  i nterdigi tated  columns.  Stylolites  usually  occur 
in  limestones,  and  also  develop  in  sandstones.  These 
features  originate  from  pressure  solution  followed  by 
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immediate  local  redeposition  of  the  dissolved  material.  They 
are  characterized  by  irregular  seams  which  often  contain  a 
clay  residue.  Stylolites  create  a  local  reduction  in 
porosity  and  increase  in  competency  of  the  formation  (Heald, 
1955).  Sutured  contacts  between  individual  grains  in 
sandstone  have  been  described  by  Sloss  and  Feray  (1948)  as 
"mi cros ty lol i tes " . 

With  the  aid  of  the  scanning  electron  microscope, 
numerous  studies  of  the  surface  features  of  sand  grains  have 
been  undertaken  (for  example,  Krinsley  and  Donahue,  1968; 
Krinsley  and  Doornkamp,  1973).  Two  basic  types  of  features 
associated  with  pressure  solution  have  been  documented.  The 
first  of  these  is  a  wavy,  etched  pattern  which  appears  to 
initiate  in  existing  surface  depressions,  and  may  spread 
over  the  grain  surface.  The  second  is  a  worn,  low-relief 
solution  surface,  often  seen  as  fields  of  aligned  solution 
pits,  the  crysta 1 lographic  orientation  of  the  grain 
controlling  their  development. 

The  surface  of  individual  sand  grains  may  show  deep 
depressions  or  flattened  areas  where  pressure  solution  has 
caused  interpenetration  of  the  grains.  Initially,  the  grain 
will  have  surface  features  caused  by  its  origin  and 
depositional  environment  (abrasion  features,  fracture 
surfaces),  but  increasing  diagenesis  will  eventually 
obliterate  all  traces  of  the  original  surface  features. 
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2.4  Authi genic  Overgrowths 

2.4.1  Def in i t ion 

Authigenic  overgrowths  are  formed  by  the  precipitation 
of  material  from  a  supersaturated  solution,  and 
crystallization  of  the  material  on  free  grain  surfaces.  The 
most  common  form  of  overgrowth  in  sandstones,  and  the  one 
which  occurs  in  the  McMurray  Formation,  is  the  development 
of  secondary  quartz  crystals  on  the  surface  of  the  detrital 
grains.  This  results  in  an  increase  in  the  interlock  between 
the  grains,  and  a  consequent  reduction  in  porosity  and 
permeability  and  increase  in  the  strength  of  the  formation. 

The  silica  may  be  deposited  either  in  crystallographic 
order  as  quartz,  or  under  higher  supersaturations  as 
amorphous  silica,  which  will  be  converted  to  quartz  over  a 
long  time  period.  In  the  experiments  conducted  by  de  Boer 
et  al .  (1977)  a  sample  of  sandstone  was  di agenet i ca 1 ly 
altered  by  pressure  solution  and  authigenic  overgrowth.  The 
precipitated  material  was  found  to  be  composed  of  both 
quartz  and  amorphous  silica. 

2.4.2  Development  of  Overgrowths 

There  are  two  stages  of  development  in  crystal 
overgrowth  (Ernst  and  Blatt,  1964;  Waugh,  1970;  Pittman, 
1972).  The  first  is  the  formation  of  small  crystals  across 
the  surface  of  the  grain.  In  the  second  stage  these  growths 
will  develop  into  large  crystals  with  well-defined  faces 
(Figure  2.10).  The  final  appearance  of  a  we  1 1 -deve loped 
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overgrowth  is  a  pyramidal  structure  with  planar  faces.  If 
conditions  for  growth  are  maintained,  the  overgrowth  will 
develop  into  the  pore  space  until  it  meets  a  detrital  grain 
or  another  overgrowth.  The  two  faces  will  then  conform  to 
each  other  with  either  a  linear  or  sutured  boundary, 
depending  on  their  relative  crystal  orientations  and  growth 
rates . 

As  the  development  of  overgrowths  proceeds,  the 
porosity  and  permeability  of  the  material  will  be  gradually 
reduced,  consequently  the  amount  of  silica  precipitated  will 
decrease  with  time  due  to  the  decreased  mobility  of  the 
formation  water  (Figure  2.11).  The  environmental  conditions 
of  pressure,  temperature,  pH,  and  silica  supply  will  affect 
the  nature  of  the  above  relationship,  as  well  as  the  initial 
properties  of  the  material. 

The  overgrowths  develop  in  optical  continuity  with  the 
host  grain.  The  influence  of  the  crystal  order  of  the 
underlying  grain  is  indicated  by  the  fact  that  overgrowths 
will  not  nucleate  on  chert  grains,  as  the  grains  are 
composed  of  varied  crystal  orientations  (Sloss  and  Feray, 
1948).  Also,  overgrowths  will  nucleate  on  either  side  of  a 
lineage  boundary  (flaw  in  the  crystal  order)  but  will  not 
meet  across  it,  though  one  crystal  may  eventually  grow  over 
top  of  the  boundary  (Figure  2.12).  The  overgrowths  have  the 
same  crystal  orientation  as  the  host  grain,  and  the  lineage 
boundary  is  thus  extended  into  the  overgrowth.  Ernst  and 
Blatt  (1964)  found  that  the  greater  the  strain  in  a  quartz 
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particle,  the  less  was  the  probability  of  overgrowths 
nucleating  on  the  surface.  Again,  this  is  a  function  of  the 
higher  surface  energy  resulting  from  the  distortion  of  the 
crystal  orientation. 

A  thermodynamic  analysis  has  been  performed  by  Paterson 
(1973)  to  determine  the  preferred  orientation  of  crystal 
development  for  several  materials.  He  found  that  for 
alpha-quartz  under  homogeneous  stress  conditions,  the 
direction  of  preferred  crystal  development  was  along  the 
c-axis  of  the  crystal  (Figure  2.12).  However,  the  fact  that 
the  pore  fluid  will  not  transmit  shear  stress  creates  local 
stress  heterogeneities,  and  this  will  cause  deviations  from 
the  preferred  development.  The  subject  of  crystal  overgrowth 
under  pressure  is  discussed  below.  Further  deviations  in 
crystal  development  will  be  caused  by  the  initial  shape  of 
the  grains. 

Pressure  solution  may  not  be  sufficient  to  account  for 
the  overgrowths  present  in  a  material  (Sibley  and  Blatt, 
1976).  As  previously  shown,  Rittenhouse  (1971)  has  shed 
doubt  on  the  efficiency  of  cementation  generated  by  pressure 
solution.  The  silica  required  for  overgrowth  development  may 
originate  from  pressure  solution  or  local  clay  diagenesis, 
or  may  be  introduced  from  an  external  source  by  moving 
formation  waters  and  precipitated  by  a  change  in  equilibrium 
conditions  (for  instance,  a  decrease  in  temperature).  If 
grains  of  chert  or  strained  quartz  are  present,  they  may 
constitute  an  added  source  of  silica  as  their  solubility  is 
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greater  than  that  of  unstrained  quartz. 

The  stress  conditions,  temperature,  and  pH  of  the 
formation  water  will  all  influence  the  solubility  of  silica 
and  therefore  the  development  of  overgrowths.  Another 
important  factor  is  the  amount  of  silica  being  supplied  to 
the  system,  either  from  pressure  solution  or  moving 
formation  waters.  However,  it  is  difficult  to  specify  the 
exact  environmental  conditions  which  will  favour  overgrowth 
development . 

There  are  three  physical  possibilities  for  the 
solubility  condition  in  a  silica-water  system  (Durney, 

1976).  The  system  can  be  in  local  equilibrium,  with  the 
concentration  of  dissolved  silica  equal  to  the  saturation 
value  for  the  given  pressure,  temperature  and  pH  conditions. 
Alternatively,  the  water  may  be  undersaturated  with  respect 
to  the  equilibrium  condition,  in  which  case  solution  will 
occur,  or  it  may  be  supersaturated,  in  which  case 
precipitation  will  occur.  Thus  silica  precipitation  could 
take  place  over  a  wide  range  of  temperature,  pressure,  and 
pH  conditions,  depending  on  the  amount  of  silica  in 
solution.  It  is  the  departure  from  the  equilibrium 
conditions  dictated  by  the  environment  which  will  cause 
solution  or  precipitation  to  occur. 

This  analysis  indicates  that  overgrowth  development 
could  begin  anywhere  on  a  grain,  even  within  a  contact  area 
(which  is  the  phenomenon  of  "force  of  crystallization"), 
provided  the  saturation  is  greater  than  the  equilibrium 
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value.  However,  the  stress  conditions  within  the  mass  make 
grain  contacts  (subjected  to  fluid  pressure  and  an 
additional  effective  stress)  preferred  sites  for  solution, 
and  free  surfaces  (subjected  to  fluid  pressure  only) 
preferred  sites  for  overgrowth  development. 

Numerous  studies  of  overgrowth  development  in 
sandstones  have  revealed  that  although  the  presence  of  clay 
coatings  on  the  grains  promotes  pressure  solution,  it 
inhibits  the  development  of  overgrowths  (Cecil  and  Heald, 
1971;  Hawkins,  1978;  Taylor,  1978a).  Heald  and  Larese  (1974) 
analyzed  the  influence  of  clay  coatings  by  observing  the 
number  of  overgrowth-grai n  versus  overgrowth-overgrowth 
contacts  in  clay-free  and  clay-containing  sandstone.  The 
sandstone  which  contained  clay  exhibited  a  greater  number  of 
overgrowth-grai n  contacts,  indicative  of  uneven  overgrowth 
development.  The  presence  of  clay  prevented  the  nucleation 
of  overgrowths  on  the  grain  surfaces.  The  samples  were  taken 
from  the  same  mass  and  had  been  subjected  to  the  same 
environmental  conditions.  Heald  (1956)  observed  that 
secondary  quartz  appeared  to  have  replaced  thin  clay 
coatings  in  a  sandstone,  but  in  locations  where  the  clay 
coating  was  thick  no  overgrowths  had  nucleated.  These 
growths  nucleated  in  small  breaks  in  the  clay  coating.  After 
commencement,  the  growth  may  spread  over  the  grain  surface 
leaving  the  clay  as  an  inclusion  or  "dust  line". 

The  grain  size  of  the  material  will  influence  the 
effect  of  overgrowth  development  on  the  porosity.  Heald  and 
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Renton  (1966)  produced  quartz  overgrowths  in  samples  of 
fine-  and  coarse-grained  well -sorted  sandstones  by  using  an 
elevated  temperature.  When  the  pore  fluid  was  allowed  to 
circulate  freely,  the  coarse-grained  sample  cemented  more 
quickly  than  the  fine-grained  one,  as  its  greater 
permeability  allowed  greater  influx  of  cement.  When  the  flow 
was  regulated  to  the  same  value  in  both  cases,  the 
fine-grained  sample  cemented  more  quickly.  They  also 
observed  that  the  cementation  rate  was  faster  in  more 
angular  materials.  As  in  the  case  of  pressure  solution,  the 
rate  of  overgrowth  development  is  a  function  of  the  specific 
surface  area  of  the  grains.  The  more  angular  the  material 
is,  the  Greater  will  be  the  surface  area  available  for 
overgrowth  nucleation. 

2.4.3  Grain  Surface  and  Contact  Features 

Examination  of  overgrowths  in  thin  section  usually 
reveals  a  "dust  line"  between  the  detrital  grain  and  the 
overgrowth.  This  small  gap  may  consist  of  void  space  or  may 
be  infilled  by  impurities.  The  dust  line  may  originate  as  a 
thin  coating  on  the  surface  of  the  detrital  grain,  or  as  a 
liquid  inclusion,  and  may  be  infilled  with  secondary  quartz 
at  a  later  date.  Dust  lines  are  a  diagnostic  feature  for 
recognizing  overgrowth  development  in  thin  section.  The 
presence  of  overgrowths  is  revealed  in  the  scanning  electron 
microscope  by  smooth  planar  surfaces  or  pyramidal  structures 
on  the  grain  surface.  The  initial  stage  of  overgrowth 
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development  will  appear  as  small  projections  on  the  grain. 


2.5  Summary 

The  diagenetic  processes  of  cementation,  pressure 
solution,  and  authigenic  overgrowth  act  to  reduce  the 
porosity  of  a  sand  and  increase  its  competency.  The  extent 
to  which  diagenesis  has  modified  the  grain  fabric  of  the 
material  will  determine  its  strength  and  its  engineering 
behaviour . 

The  manner  in  which  diagenesis  influences  the  fabric  of 
the  material  will  be  determined  by  the  sequence  of 
diagenetic  events  in  its  history.  For  instance,  early 
cementation  in  a  sandstone  will  prevent  the  occurrence  of 
pressure  solution,  and  this  will  fundamentally  affect  the 
material  properties.  Also  of  importance  is  the  length  of 
time  during  which  conditions  suitable  for  the  occurrence  of 
diagenesis  exist.  The  fabric  will  be  altered  to  a  greater  or 
lesser  degree  depending  on  fluctuations  in  the  environmental 
condi t ions . 

Both  pressure  solution  and  authigenic  crystal 
overgrowth  cause  a  reduction  in  the  porosity  of  oil  sands. 
The  general  effect  of  diagenesis  is  to  increase  the  contact 
area  between  individual  particles  and  create  long, 
concavo-convex,  or  sutured  contacts  as  opposed  to  the 
tangential  contacts  normally  encountered  in  unaltered  sands. 
The  strength  and  stiffness  of  the  materials  is  increased  by 
this  interlocked  fabric,  as  the  altered  structure  will 
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sustain  higher  stresses  with  lower  deformations.  The  effect 
of  this  diagenetic  change  on  the  engineering  behaviour  of 
oil  sands  will  be  described  in  the  following  chapters. 
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Figure  2.1  :  Solubility  vs.  temperature  for  amorphous 
silica  and  quartz  (after  Siever,  1962). 
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Figure  2.2  :  Solubility  vs.  pH  for  amorphous  silica 
(after  Krauskopf,  1 959). 
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actual  grain  contact  may  be  irregular 


Figure  2.3  :  Bathurst  mechanism  for  pressure  solution 
(after  Weyl,  1 959). 
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Figure  2.4  :  Weyl  mechanism  for  pressure  solution. 


Relative  Solubility  Increase  Aa/a 


Normal  Stress  Pn  (atmp) 


a0  =  Solubility  Under  Hydrostatic  Load 


Figure  2.5  :  Relative  solubility  increase  caused  by 

external  load  for  “free”  surface,  grain-to- 
grain  boundaries  and  preferred  orientation 
(temperature  =  300°K,  molar  volume  =  22.7  cm3/mol), 
(after  de  Boer,  1977a). 
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Figure  2.6  :  (a)  Effect  of  constant  differential  stress 

on  porosity,  duration  is  two  weeks, 
(b)  Effect  of  constant  pore  pressure  on 
porosity,  duration  is  two  weeks, 
(after  Sprunt  and  Nur,  1976). 
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Direction  of  Pressure 


1.  Cubic  Packing 


3.  Orthorhombic  Packing 


2.  Cubic  Packing  4. 
Rotated  45° 


Orthorhombic  Packing 
Rotated  30° 


(a) 


Figure  2.7  :  (a)  Packing  arrangements  for 

perfect  spheres. 

(b)  Cement  generated  vs.  porosity 
loss  due  to  solution. 

(after  Rittenhouse,  1971). 
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Figure  2.8  :  Cement  generated  vs.  porosity  loss  due 
to  solution  for  actual  sandstones 
(Sibley  and  Blatt,  1976). 
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Concavo-Convex 


Figure  2.9  :  Types  of  grain  contacts 
(after  Taylor,  1950). 


Figure  2.10  :  Stages  of  development  of  a  crystal  overgrowth 
(after  Pettijohn  et  al.,  1972). 
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Figure  2.1 1  :  (a)  Porosity  loss  with  time  as 

cementation  proceeds. 

(b)  Amount  of  cement  precipitated 
vs.  time. 

(after  Pettijohn  et  al.,  1972). 
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Figure  2.12  :  Theoretical  overgrowth  development  stages  for 
unicrystalline  and  polycrystalline  quartz; 
orientation  of  c-axis  shown. 

(after  Waugh,  1 970). 


3.  INFLUENCE  OF  DIAGENESIS  ON  OIL  SAND  MATERIALS 


3.1  Introduction 

Oil -free  specimens  of  the  McMurray  and  Grand  Rapids 
Formations  from  the  Athabasca  area  were  examined  in  the 
scanning  electron  and  optical  microscopes  to  evaluate  the 
influence  of  diagenesis  on  the  grain  fabric  of  oil  sands. 

The  use  of  oil -free  specimens  enabled  clear  examination  of 
the  grain  surface  and  contact  features,  which  would  be 
obscured  by  the  presence  of  bitumen.  The  samples  were  also 
free  from  the  disturbance  normally  caused  by  exsolution  of 
gas  from  the  interstitial  bitumen  on  removal  of  overburden 
pressure.  All  specimens  examined  were  found  to  have 
undergone  some  degree  of  diagenetic  alteration. 

The  types  of  oil  sand  specimens  used  for  microscope 
observation  and  strength  testing  are  enumerated  below,  and 
the  location  and  geological  origin  of  the  samples  is  given. 
The  diagenetic  fabric  alteration  of  the  samples  is 
delineated  by  examination  of  the  grain  surface  and  contact 
features  present  in  the  materials. 

Several  comparative  materials  were  examined  to  aid  in 
the  delineation  of  sandstone  fabric.  Among  these  samples  are 
two  flexible  quartzose  sandstones  ( i tacolumi tes ) ,  a  cemented 
sandstone,  and  two  bituminous  sandstones  from  the  United 
States . 
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3.2  Sampling  Procedures  and  Specimen  Preparation 

The  oil  sand  specimens  used  for  laboratory  testing  and 
micrograph  analysis  were  obtained  from  river  valley  outcrops 
in  the  vicinity  of  Fort  McMur r ay .  Block  specimens  of  the 
materials  were  cut  from  the  outcrop  face,  placed  in  plastic 
bags,  and  wrapped  with  fiberglass  tape  to  provide  confining 
pressure.  The  samples  were  extremely  delicate  when  not 
confined,  but  stayed  intact  well  when  all-round  external 
pressure  was  applied  by  use  of  the  tape. 

Intact  specimens  of  oil  sand  and  comparative  materials 
for  scanning  electron  microscope  examination  were  prepared 
by  mounting  a  small  block  on  an  aluminum  stub  and  breaking 
the  sample  in  tension  to  expose  an  undisturbed  surface.  In 
addition,  grain  mounts  of  certain  grain  size  fractions  of 
the  McMurray  Formation  were  prepared.  The  intact  specimens 
were  mounted  to  examine  the  nature  of  the  grain  contacts  in 
the  material,  whereas  the  grain  mounts  were  prepared  to 
study  the  grain  shapes  and  surface  features. 

Standard  thin  sections  of  the  McMurray  Formation  and 
several  comparative  materials  were  prepared  for  optical 
microscope  analysis.  Plane-polarized  light  was  used  for  the 
optical  photomicrographs. 


3.3  Grain  Fabric  of  the  McMurray  Formation 

3.3.1  Location  and  Geological  Origin  of  Specimens 
For  the  purpose  of  analyzing  the  grain  fabric  and 
strength  char acter i st i cs  of  the  Athabasca  Oil  Sands,  intact 


< 


s 

■ 


. 


. 


. 


46 


oil-free  samples  of  the  McMurray  Formation  were  obtained 
from  an  outcrop  on  the  High  Hill  River,  approximately  40 
Kilometers  upstream  from  Fort  McMurray  along  the  Clearwater 
River.  A  description  of  the  morphology  of  this  slope  has 
been  given  by  Dusseault  (1977).  Block  samples  were  taken 
from  three  locations  in  the  slope. 

1.  Coarse-grained  sand  (Lower  Member):  This  material  was 
sampled  from  the  lower  portion  of  the  slope.  It 
contains  pebbles  two  to  three  millimeters  in  diameter 
in  a  matrix  of  fine-  and  medium-grained  quartz  sand. 

The  material  is  well-graded,  with  a  median  grain 
diameter  of  approximately  0.62  mm.  Concentrated  beds  of 
coarse-  or  fine-grained  sand  were  observed  in  the 
samples  in  a  cross-stratified  pattern. 

2.  Medium-grained  sand  (Middle  Member):  This  sand  was 
sampled  at  a  location  approximately  five  meters  above 
the  coarse-grained  specimens.  It  consists  of  an 
extremely  uniform  sand  with  a  median  grain  diameter  of 
approximately  0.43  mm.  Horizontal  stratification  was 
observed  in  the  samples.  The  material  contained 
occasional  coal  specks,  but  these  were  infrequent  and 
did  not  influence  the  tests  conducted. 

3.  Fine-grained  sand  (Middle  Member):  The  material  was 
obtained  from  a  location  approximately  ten  meters  above 
the  medium-grained  specimens,  and  consists  of  a 
horizontally-stratified,  very  uniform  sand  with  a 
median  grain  diameter  of  0.20  mm. 
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The  sample  locations  were  chosen  to  illustrate  the 
three  major  lithologies  of  the  Athabasca  oil  sands  deposit. 
All  samples  were  clean,  almost  purely  quartzose  sands  with  a 
pronounced  lack  of  cement.  The  terms  fine-,  medium-,  and 
coarse-grained  McMurray  Formation  will  be  used  to  refer  to 
the  three  materials. 

3.3.2  Photomicrographs  of  the  McMurray  Formation 

The  fabric  of  the  McMurray  Formation  has  been  altered 
by  the  processes  of  pressure  solution  and  authigenic  crystal 
overgrowth.  The  resultant  structure  is  illustrated  by  the 
use  of  scanning  electron  and  optical  micrographs. 

Figure  3.1  illustrates  a  number  of  quartz  overgrowths . 
The  intermediate  stage  of  development,  smooth  planar  faces, 
is  shown  in  Figure  3.1(a),  while  3.1(b)  and  (c)  illustrate 
we  1 1 -deve loped  pyramidal  overgrowths.  Figure  3.1(d)  shows  an 
inverted  pyramidal  overgrowth  with  a  pitted  surface. 

The  effect  of  solution  on  the  grain  surfaces  is  shown 
in  Figure  3.2.  Fields  of  oriented  solution  pits  such  as 
those  illustrated  in  the  figure  are  a  common  occurrence  in 
the  McMurray  Formation. 

Solution  and  overgrowth  result  in  interlocking  contacts 
between  grains.  Figure  3.3  shows  a  number  of 
interpenetrative  grain  contacts  resulting  from  diagenesis. 
Pressure  solution  appears  to  dominate  porosity  reduction 
processes  in  this  material. 

Figure  3.4  shows  two  stereo  pairs  of  the  McMurray 
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Formation.  Two  optical  micrographs  of  the  material  are  shown 
in  Figure  3.5,  demonstrating  the  interlock  between  grains. 
The  fabric  is  composed  of  tangential,  long,  and 
concavo-convex  contacts.  The  McMurray  Formation  has 
undergone  comparatively  mild  diagenetic  alteration. 


3.4  Grain  Fabric  of  the  Grand  Rapids  Formation 

3.4.1  Location  and  Geological  Origin  of  Specimens 
Intact  oil -free  specimens  of  the  Grand  Rapids  Formation 
were  obtained  from  the  Grand  Rapids  outcrop  on  the  Athabasca 
River,  approximately  80  km  southwest  of  Fort  McMurray.  This 
location  borders  on  the  Wabasca  oil  sands  deposit.  The  Grand 
Rapids  Formation  is  an  oil-bearing  stratum  about  50  km 
southwest  of  the  outcrops. 

The  Grand  Rapids  Formation  consists  of  three  major 
quar tz- fe Idspar  sandstone  units  separated  by  shaley 
sequences,  as  described  in  Chapter  1.  Two  separate  parts  of 
the  deposit  were  sampled:  the  lower  '  C'  sand  and  the  upper 
'A'  sand  ( Kramers , 1 974 ) . 

The  Grand  Rapids  A  material  is  an  extremely  uniform 
fine-grained  sand  with  a  median  grain  diameter  of  0.10  mm. 
Grain  size  analysis  indicates  that  approximately  four 
percent  of  the  material  is  finer  than  0.074  mm. 

The  Grand  Rapids  C  material  is  only  slightly  more 
well-graded  than  the  A  sand,  and  coarser-grai ned ,  with  a 
median  grain  diameter  of  0.23  mm.  Grain  size  analysis 
indicates  that  ten  percent  of  the  material  is  finer  than 
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0.074  mm.  This  fine-grained  material  is  partly  smectitic 
(montmor i 1 loni t ic )  clay  coatings  on  the  grains  (Kramers, 
1974).  This  clay  coating  is  absent  in  the  Grand  Rapids  A 
sand.  The  manner  in  which  the  clay  coating  influences  the 
diagenetic  alteration  of  these  two  materials  will  be 
described  below. 

3.4.2  Photomicrographs  of  the  Grand  Rapids  Formation 

Figures  3.6  and  3.7  are  scanning  electron  micrographs 
of  the  Grand  Rapids  Formation  A.  Both  pressure  solution 
features  and  quartz  and  feldspar  overgrowths  are  observed. 
The  feldspar  overgrowths  are  identified  by  crystal  face 
intersection  angles  of  close  to  90°  as  opposed  to  the  more 
pyramidal  shape  of  quartz  crystals.  The  feldspar  overgrowths 
also  exhibit  cleavage  planes.  The  overgrowths  are  more 
influential  in  the  porosity  reduction  of  this  material  than 
in  the  McMurray  Formation.  The  grain  surfaces  are  fairly 
clean . 

Figure  3.6  shows  both  quartz  and  feldspar  overgrowths. 
Small  crystal  projections  which  are  the  initial  stage  of 
overgrowth  development  are  shown  in  Figure  3.7(a).  Figure 
3.7(b)  is  an  illustration  of  a  field  of  solution  pits  on  a 
grain  surface.  Figures  3.7(c)  and  (d)  show  interpenetrative 
contacts  resulting  from  pressure  solution. 

As  stated  above,  the  presence  of  a  thin  clay  coating  on 
the  grains  can  enhance  pressure  solution  by  holding  pore 
fluid  within  the  contact  area  and  allowing  easier  diffusion 
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of  dissolved  material.  This  process  appears  to  have  been 
operative  in  the  Grand  Rapids  Formation  C.  The 
montmor i 1 loni t i c  clay  coating  on  the  grains  has  inhibited 
the  development  of  overgrowths  (they  are  almost  totally 
absent),  and  the  porosity  reduction  is  dominated  by  pressure 
solution.  Figures  3.8  and  3.9  show  long  and  concavo-convex 
contacts  in  the  Grand  Rapids  Formation  C  which  have  resulted 
from  pressure  solution.  Even  though  the  porosities  of  the  A 
and  C  sands  are  almost  identical,  two  different  processes 
have  altered  them. 

The  difference  in  mineralogy  between  the  Grand  Rapids 
and  McMurray  Formations  will  influence  their  engineering 
behaviour.  This  topic  is  discussed  in  Chapter  5. 


3.5  Fabric  of  Comparative  Materials 

3.5.1  Itacolumites 

Photomicrographs  of  two  flexible  quartzose  sandstones 
or  itacolumites  are  shown  in  Figures  3.10  through  3.14  for 
comparison  with  the  oil  sand  materials.  Itacolumites  have  an 
extremely  we  1 1 -developed  diagenetic  structure.  The 
interdigi tation  of  the  grains  results  from  crystal 
overgrowth  (Carozzi,  1960).  Because  of  the  narrow  uniform 
gap  between  the  grains,  a  slab  of  the  material  visibly 
flexes  when  held  in  the  hand. 

Figures  3.10  and  3.11  are  scanning  electron  and  optical 
micrographs  of  an  itacolumite  from  India.  Scanning  electron 
microscope  specimens  were  prepared  oriented  along  three 
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orthogonal  axes.  This  material  appears  to  be  isotropic  and 
is  composed  of  very  angular  quartz  grains.  The  grains 
interlock  very  closely  and  have  extremely  smooth, 
we  1 1 -deve 1  oped  crystal  surfaces  with  no  evidence  of  solution 
pitting.  Crystal  overgrowth  is  thus  the  dominant  mode  of 
porosity  reduction.  Planar  and  pyramidal  overgrowth  features 
are  visible. 

There  is  no  chemical  cementation  between  adjoining 
grains.  The  material  does  possess  a  cohesion  at  zero 
confining  stress,  but  this  results  from  the 
three-dimensionality  of  the  interlocking  grain  fabric. 

The  material  contains  a  small  percentage  of  non-quartz 
grains  which  are  kaolinite  crystals  in  an  unusual  tubular 
form  (lower  right  of  Figure  3.10)  as  identified  by  X-ray 
diffraction  analysis.  The  grains  are  probably  the  result  of 
feldspar  decomposition.  These  crystals  cover  the  surface  of 
occasional  grains  (for  example,  the  small  grain  in  the 
center  of  Figure  3.10,  upper  left).  These  grains  are  not  the 
cause  of  the  flexibility  of  the  material,  but  may  aid  in  the 
delineation  of  its  diagenetic  history. 

Figure  3.12  illustrates  the  grain  fabric  of  a  micaceous 
itacolumite  from  the  United  States.  The  material  contains 
visible  mica  flakes  oriented  along  foliation  planes. 

M i crogr aphs  taken  parallel  to  three  orthogonal  axes  are 
shown,  the  z-axis  being  the  one  which  faces  on  the  mica 
planes.  This  material  shows  distinct  anisotropy,  with  the 
quartz  grains  elongated  in  the  direction  of  the  foliation 
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planes.  The  mica  does  not  appear  to  be  of  authigenic  origin, 
as  the  crystal  faces  are  not  we  1 1 -developed  and  planar. 

Figure  3.13  contains  two  optical  micrographs  of  the 
micaceous  itacolumite.  The  anisotropy  of  the  material  is 
demonstrated  together  with  the  closely  interlocked  grain 
structure . 

Figure  3.14  shows  micrographs  of  a  second  sample  of  the 
above  itacolumite.  This  second  specimen  was  observed  to  have 
much  less  flexibility  than  the  first.  Examination  in  the 
scanning  electron  microscope  indicates  that  the  size  of  the 
gap  between  the  grains  is  less  in  the  second  sample.  Also, 
the  micrographs  taken  along  the  z-axis  indicate  a  greater 
interlocking  between  the  grains.  In  some  locations 
overgrowths  overlap  the  boundaries  between  grains. 

3.5.2  Cemented  and  Bituminous  Sands 

As  mentioned  above,  the  manner  in  which  di agenesis 
influences  the  properties  of  a  material  will  be  dependent  on 
the  sequence  of  diagenetic  events  in  its  history.  Figure 
3.15  shows  two  photomicrographs  of  a  cemented  sandstone  from 
Colorado.  There  is  direct  chemical  bonding  between  the 
grains,  a  phenomenon  which  is  almost  totally  absent  in  the 
McMurray  and  Grand  Rapids  Formations.  Differences  in 
structure  will  influence  the  material  behaviour 
significantly.  This  topic  is  discussed  in  Chapter  4. 

Photomicrographs  of  an  oil -rich  talus  fragment  of  the 
McMurray  Formation  are  also  shown  in  Figure  3.15.  These 
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micrographs  illustrate  the  manner  in  which  the  bitumen 
obscures  the  grain  contacts  and  surfaces.  This  indicates  the 
advantage  in  using  oil-free  specimens  for  micrograph 
analysis . 

Photomicrographs  of  two  bituminous  sands  from 
California  and  Utah  are  shown  in  Figure  3.16.  Although  the 
grain  features  are  somewhat  obscured  by  bitumen,  the 
California  tar  sand  appears  to  have  undergone  diagenetic 
alteration:  a  number  of  crystal  overgrowths  are  visible  on 
the  grain  surfaces.  As  opposed  to  the  McMurray  and  Grand 
Rapids  Formations,  these  materials  appear  to  have  been 
partially  cemented  as  they  are  very  hard.  These  diagenetic 
processes  will  influence  not  only  the  oil  content  and 
distribution  but  the  ease  with  which  it  can  be  recovered. 

Figure  3.17  shows  a  dense  post-glacial  sand  sampled 
near  the  town  of  Fort  McMurray.  This  material  illustrates 
the  difference  between  a  c 1 ose 1 y-packed  dense  sand  and  one 
which  has  undergone  diagenetic  alteration.  The  grain 
contacts  are  largely  tangential,  with  the  occasional  long 
contact  which  is  a  function  of  packing  rather  than 
diagenesis.  Interpenetrat ion  between  grains  is  absent. 


3.6  Summary 

From  examination  of  the  micrographs  of  the  oi 1  sand  and 
comparative  materials  it  can  be  seen  that  there  is  a  wide 
range  of  degrees  and  types  of  diagenetic  alteration.  A 
cemented  sandstone  and  a  non-cemented  locked  sand  might  have 
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approximately  the  same  porosity,  but  the  behaviour  of  the 
two  materials  will  be  different. 

The  McMurray  and  Grand  Rapids  Formations  have  been 
altered  by  the  processes  of  pressure  solution  and  authigenic 
overgrowth.  Long  and  concavo-convex  grain  contacts  have  been 
formed,  and  the  porosity  of  the  materials  has  been  reduced. 
Chemical  cementation  is  almost  totally  absent.  The  influence 
of  this  interlocking  non-cemented  fabric  on  the  engineering 
behaviour  of  oil  sands  will  be  discussed  in  the  following 
chapters . 


Figure  3.1  :  Overgrowth  features  in  the  McMurray  Formation. 

(a)  planar  crystal  faces,  fine-grained  sample. 

(b)  truncated  pyramid,  fine-grained  sample. 

(c)  well-developed  pyramid,  coarse-grained  sample. 

(d)  inverted  pyramid  with  pitted  surface,  fine-grained  sample. 
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(a) 


(b) 


(c)  (d) 


Figure  3.2  :  Solution  pitting  in  the  McMurray  Formation. 

(a)  pitted  grain  surface,  fine-grained  sample. 

(b)  close-up  of  pitted  surface,  coarse-grained  sample. 

(c)  field  of  oriented  pits,  fine-grained  sample. 

(d)  pitted  grain  surface,  medium-grained  sample. 


r  *  ,  '•  *  ‘  •  r  m  - 

. 


57 


Figure  3.3  :  Long  and  concavo-convex  grain  contacts  in 

the  McMurray  Formation,  fine-grained  sample. 


. 


Figure  3.4  :  Stereo  pairs  of  grain  fabric,  fine-grained 
McMurray  Formation. 
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Figure  3.5:  Optical  micrographs  of  the  McMurray  Formation. 
Top  :  fine-grained  sample,  x  10. 

Bottom  :  fine-grained  sample,  x  25. 


(C) 


(d) 


Figure  3.6  :  Overgrowth  features  in  Grand  Rapids  Formation  A. 

(a)  feldspar  overgrowth. 

(b)  quartz  overgrowth. 

(c)  grain  modified  by  solution  and  overgrowth. 

(d)  overlapping  of  crystal  overgrowths. 
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Figure  3.7  :  Grain  features  in  Grand  Rapids  Formation  A. 

(a)  small  overgrowth  crystals. 

(b)  pitted  grain  surface. 

(c)  interpenetrative  grain  contact 
resulting  from  solution. 

(d)  close-up  of  contact  shown  in  (c). 
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Figure  3.8  :  Long  and  concavo-convex  grain  contacts 
in  Grand  Rapids  Formation  C;  note 
clay  covering  on  grain  surfaces. 
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Figure  3.9  :  Closely-packed  diagenetic  structure  in 
Grand  Rapids  Formation  C  ;  note  clay 
covering  on  grain  surfaces. 
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Figure  3.10  :  Photomicrographs  of  Indian  itacolumite 
showing  extensive  grain  interlock  and 
crystal  overgrowth;  tubular  mineral  on 
grain  surfaces  is  kaolinite. 
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Figure  3.1 1  :  Optical  micrographs  of  Indian  itacolumite 
showing  interlocking  grain  structure. 

Top  :  x  10. 

Bottom  :  x  25. 


(C) 


(d) 


Figure  3.12  :  Interlocking  grain  structure  of  micaceous 

itacolumite  from  the  United  States,  sample  1 

(a)  x  -  axis;  perpendicular  to  mica  planes. 

(b)  y  —  axis;  perpendicular  to  mica  planes. 

(c)  y  -  axis;  perpendicular  to  mica  planes. 

(d)  z  -  axis;  facing  on  mica  planes. 
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:  Optical  micrographs  of  micaceous  itacolumite 
from  the  United  States,  sample  1. 

Top  :  x  —  axis,  X  25. 

Bottom  :  z  —  axis,  X  1 0. 


Figure  3.13 
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Figure  3.14  :  Closely  interlocking  structure  of  micaceous 
itacolumite  from  the  United  States, 
sample  2,  less  flexible  material  than 
sample  1. 


(C) 


(d) 


Figure  3.15  :  (a)  Cemented  sandstone  from  Colorado. 

(b)  Cemented  sandstone  from  Colorado. 

(c)  Talus  fragment  of  McMurray  Formation. 

(d)  Talus  fragment  of  McMurray  Formation. 
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(c) 


(d) 


Figure  3.16  : 


(a)  Bituminous  sandstone  from  California. 

(b)  Bituminous  sandstone  from  California 

(c)  Bituminous  sandstone  from  California. 

(d)  Bituminous  sandstone  from  Utah. 
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Figure  3.17  :  Dense  post-glacial  sand  from 
Fort  McMurray  area. 


4.  STRENGTH  OF  GRANULAR  AND  INTERLOCKING  MATERIALS 


4.1  Introduction 

The  behaviour  of  granular  materials  during  shear  has 
been  the  subject  of  extensive  research.  This  chapter 
discusses  some  of  the  experimental  work  which  has  been 
performed  on  granular  and  interlocking  materials.  Several  of 
the  strength  models  which  have  been  proposed  will  be 
reviewed,  and  strength  analysis  of  oil  sands  will  be 
discussed.  A  comparison  will  be  made  between  the  shear 
behaviour  of  dense,  cemented,  and  locked  sands. 


4.2  Strength  Investigations 

The  traditional  soil  mechanics  i nterpretat i on  of  the 
strength  of  granular  materials  is  a  linear  Mohr -Cou lomb 
failure  envelope.  The  slight  curvature  present  in 
exper imenta 1 ly-determi ned  envelopes  is  generally  ignored  as 
being  unimportant,  and  the  angle  of  shearing  resistance  is 
approximated  as  constant  with  variation  in  normal  stress. 
Investigations  have  shown,  however,  that  even  in 
conventional  loose  and  dense  sands  a  change  in  normal  stress 
does  affect  the  angle  of  shearing  resistance. 

A  series  of  triaxial  tests  were  performed  by  Vesic  and 
Clough  (1968)  on  loose  and  dense  samples  of  a  medium-grained 
uniform  quartz  sand.  The  results  show  a  slight  curvature  in 
the  Mohr  envelope  in  the  normal  stress  range  up  to 
approximately  100  kg/cm2.  At  very  low  stresses,  grain 
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crushing  is  minimal  and  di latency  effects  dominate  the 
material  strength.  As  the  normal  stress  increases,  grain 
crushing  increases  until  the  "breakdown"  stress  is  reached 
(the  point  at  which  all  effects  of  initial  void  ratio  are 
eliminated).  Beyond  this  stress  level  the  angle  of  shearing 
resistance  is  constant  and  equal  to  the  angle  of 
i nterpar t i c 1 e  friction. 

For  granular  materials  with  tangential  grain  contacts, 
the  linear  approximation  for  the  failure  criterion  is 
adequate  for  most  purposes.  However,  in  oil  sand  materials 
and  other  locked  sands,  the  interlocking  of  the  grains 
causes  a  greater  curvature  of  the  failure  envelope,  and  this 
must  be  taken  into  consideration.  Drawing  a  straight-line 
envelope  through  a  series  of  oil  sand  test  data  points  would 
indicate  that  the  material  possesses  a  cohesive  strength  at 
zero  normal  stress,  which  is  in  fact  not  the  case. 

Barton  (1974)  has  studied  the  structure  of  sandstones 
of  the  Eocene  strata  in  England.  Only  90  percent  of  the 
in-situ  density  of  these  materials  can  be  recovered  by 
compacting  a  disturbed  sample,  indicating  that  some 
diagenetic  alteration  has  taken  place.  The  material 
possesses  some  cohesion,  and  will  stand  with  a  vertical 
face.  Barton  postulates  that  the  source  of  the  cohesion  is 
clay  mineral  bridges  between  the  particles,  as  revealed  by 
scanning  electron  microscopy.  Test  results  show  that  the 
unconfined  compressive  strength  of  the  sandstone  decreases 
rapidly  with  moisture  contents  greater  than  one  percent. 
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This  is  attributed  to  swelling  of  the  clay  mineral  bridges. 

A  series  of  multi-stage  triaxial  tests  were  conducted,  and 
the  results  were  interpreted  as  a  linear  Mohr  envelope.  The 
shear  stress  versus  normal  stress  relationship  is  not  given, 
but  it  seems  likely  that  the  interlocking  nature  of  the 
material  as  evidenced  by  the  scanning  electron  micrographs 
would  cause  some  envelope  curvature. 

A  more  complete  study  of  an  interlocking  granular 
material  was  undertaken  by  Rosengren  and  Jaeger  (1968). 
Samples  of  coarse-grai ned  marble  were  heated  to  600eC, 
causing  separation  of  the  grains  along  the  boundaries.  The 
material  resulting  from  this  procedure  had  an  interlocking 
granular  structure  and  a  porosity  of  approximately  four 
percent.  A  series  of  triaxial  compression  tests  were 
conducted  on  this  material,  and  the  resulting  Mohr  envelope 
is  shown  in  Figure  4.1.  The  results  indicate  high  friction 
angles  at  low  normal  stress,  and  a  decrease  in  secant  angle 
of  shearing  resistance  which  reflects  a  gradual  suppression 
of  di latency  with  increasing  normal  stress.  This  behaviour 
is  very  similar  to  that  of  oil  sand  materials,  but  over  a 
larger  range  of  normal  stress. 

A  model  study  of  an  interlocking  aggregate  was 
undertaken  by  Milligan  (1976).  Glass  beads  were  placed  in  a 
direct  shear  box,  and  dissolution  of  the  beads  at  contact 
points  was  effected  by  the  use  of  a  hydrofluoric  acid 
solution.  The  result  of  this  process  was  a  set  of  shear 
specimens  of  an  interlocking  aggregate.  The  direct  shear 
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test  results  show  a  definite  curvature  in  the  Mohr  envelope, 
and  a  definite  increase  in  strength  above  that  obtained  for 
undissolved  beads.  This  strength  increase  resulted  from  the 
creation  of  interlocking  grain  contacts,  which  were  in  turn 
caused  by  the  dissolution  process. 

Extensive  strength  testing  of  oil  sands  has  been 
performed  by  Dusseault  (1977).  Samples  of  McMurray  Formation 
oil  sand  were  obtained  in  such  a  manner  as  to  minimize 
disturbance  due  to  exsolution  of  gas  from  the  pore  fluid 
(freezing  of  samples  immediately  after  coring).  The  results 
indicate  that  the  Mohr-Coulomb  envelope  is  curved  and  the 
strength  is  increased  to  a  value  substantially  higher  than 
that  of  a  conventional  dense  sand,  even  though  the  samples 
did  undergo  some  disturbance. 


4.3  Analysis  of  Strength  Properties 

A  number  of  different  strength  criteria  have  been 
proposed  for  rocks  and  granular  materials.  The  criteria 
discussed  below  are  based  on  either  experimental  data, 
empirical  laws,  energy  relationships,  or  curve- f i t t i ng 
techniques . 

One  attempt  to  quantify  the  effects  of  di latency  on 
strength  characteristics  is  the  bimodal  failure  criterion 
for  interlocking  discontinuities  in  rock  developed  by  Patton 
(1966).  Patton' s  experiments  were  conducted  on  artificial 
rock  specimens  which  were  fabricated  to  set  dimensions  and 
tested  in  a  direct  shear  apparatus.  He  found  that  at  low 
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normal  stresses  the  total  angle  of  shearing  resistance  was 
equal  to  the  angle  of  frictional  sliding  resistance  plus  the 
angle  of  the  asperities  (Figure  4.2).  At  a  certain  normal 
stress  level,  the  internal  cohesive  strength  of  the 
discontinuities  becomes  equal  to  the  strength  due  to  sliding 
resistance,  and  at  this  point  shearing  of  the  asperities 
takes  place.  The  angle  of  shearing  resistance  is  then 
reduced  to  approximately  the  residual  value. 

Since  Patton's  experiments  were  performed  on  very 
uniform  samples  it  was  possible  to  approximate  the  envelope 
by  two  straight  lines,  and  to  identify  the  breakdown  stress 
at  which  shearing  of  asperities  takes  place.  The  actual 
failure  envelope  for  a  rock  mass  with  irregular 
discontinuities  or  for  an  interlocking  granular  material  is 
curved,  and  crushing  takes  place  over  a  range  of  normal 
stress  values.  Thus  the  mode  of  failure  is  gradually 
changing  from  di latency  to  crushing  with  increasing  normal 
stress . 

Other  failure  criteria  have  been  developed  for  rock 
masses  on  the  basis  of  energy  considerations.  One  of  these 
was  developed  by  Ladanyi  and  Archambault  (1969),  who  defined 
the  shearing  resistance  as  the  sum  of  four  components,  due 
respectively  to  external  work  done  in  dilating  against  the 
external  force,  additional  internal  work  in  friction  due  to 
di latency,  work  done  in  internal  friction  if  the  sample  does 
not  change  volume  in  shear,  and  energy  dissipation  due  to 
shear  across  irregularities.  These  components  are  defined  in 
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terms  of  the  frictional  shearing  resistance  angle,  the 
dilative  rate  at  failure,  and  the  area  across  which  shear  of 
asperities  takes  place.  Although  this  model  aids  the 
understanding  of  the  process  of  shear,  it  is  of  little 
practical  value  for  actual  analysis,  as  the  parameters 
needed  are  difficult  to  evaluate. 

Hoek  and  Brown  (1980)  have  proposed  an  empirical 
relationship  between  the  principal  stresses  at  failure  in  a 
rock  mass  as  fol lows ( F igure  4.3): 

<r,  =  +  Vm  <rc  <r3  +  so\ 2 

where  cr,  is  the  major  principal  stress  at  failure,  cr3  is 
the  minor  principal  stress  at  failure,  <rc  is  the  uniaixial 
compressive  strength  of  the  intact  rock,  and  m  and  s  are 
constants  which  depend  on  rock  properties  and  on  the  extent 
to  which  the  rock  is  broken  up  before  being  subjected  to  the 
principal  stresses.  If  the  constant  s  is  equal  to  unity,  the 
rock  is  intact;  if  s  is  equal  to  zero,  the  rock  is 
completely  broken  up. 

A  curve-fitting  technique  for  modeling  the  strength  of 
oil  sands  has  been  proposed  by  Dusseault  (1977).  The 
curve-fit  relationship  is  of  the  following  form: 


where  Tp  is  the  peak  shear  stress,  c is  the  normal 
stress,  and  a  and  b  are  constants  to  be  evaluated  by  curve 
fitting.  The  value  of  the  constants  a  and  b  wi 1 1  be 
dependent  on  the  units  used  for  stress. 

The  component  of  strength  above  the  residual  value  can 
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be  divided  into  a  portion  due  to  di latency  and  due  to  shear 
of  grains  by  taking  a  tangent  to  the  curve  at  a  given  normal 
stress  (Figure  4.4).  The  value  Tj.  which  is  obtained  is  an 
apparent  cohesion  intercept  due  to  the  interlocking  fabric 
of  the  grains.  From  this  analysis,  it  can  be  seen  that  the 
di latency  component  is  suppressed  and  the  fabric  cohesion 
component  dominates  with  increasing  normal  stress.  This 
topic  will  be  discussed  further  in  Chapter  5 


4.4  Strength  Analysis  of  Oil  Sands 

When  sheared  at  low  normal  stress,  dense  and  locked 
sands  exhibit  a  strain-weakening  peak- to-residua 1  behaviour. 
The  closely-packed  or  interlocked  structure  causes  the  soil 
skeleton  to  push  apart  during  shear.  The  energy  required  to 
shear  the  soil  is  thus  the  sum  of  a  frictional  and  a 
di latent  component.  As  normal  stress  increases,  the 
di latency  of  the  soil  structure  is  suppressed,  and  shearing 
of  grains  takes  place. 

Figure  4.5  is  a  comparison  of  the  Mohr -Cou lomb 
envelopes  for  several  different  types  of  granular  materials. 
The  failure  envelope  for  a  dense  sand  with  largely 
tangential  grain  contacts  will  be  very  close  to  linear,  with 
only  a  slight  curvature. 

The  long  and  concavo-convex  grain  contacts  present  in  a 
locked  sand  will  cause  a  substantial  curvature  of  the 
Mohr-Coulomb  envelope.  The  increase  in  strength  above  that 
of  a  dense  sand  will  be  related  to  the  degree  of  diagenetic 
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alteration.  The  secant  angle  of  shearing  resistance  will  be 
high  at  low  normal  stress.  As  normal  stress  increases  the 
effects  of  the  structure  will  be  suppressed.  According  to 
Vesic  and  Clough  (1968)  there  will  be  a  certain  stress  level 
above  which  the  shear  behaviour  is  independent  of  the 
initial  soil  structure. 

The  failure  criterion  for  jointed  rock  masses  developed 
by  Patton  (1966)  is  also  shown  in  Figure  4.5.  This  criterion 
clearly  delineates  the  transition  point  between  the  di latent 
and  crushing  failure  modes. 

The  envelope  shown  in  Figure  4.5  for  locked  sands  is 
typical  of  oil  sands  as  these  materials  possess  zero 
cohesion  at  zero  normal  stress.  This  is  due  to  the  lack  of 
chemical  cementing  agents  and  the  fact  that  the  grains  are 
only  slightly  interlocked.  For  itacolumites  such  as  the  ones 
discussed  in  Chapter  3  the  envelope  would  show  a  high 
cohesion  value  at  zero  normal  stress.  This  results  from 
fabric  interlock  rather  than  chemical  cementation. 

The  Mohr -Cou lomb  envelope  for  a  chemically  cemented 
sandstone  is  shown  in  Figure  4.5.  The  cohesion  intercept  in 
this  material  results  from  actual  physical  bonding  between 
the  grains. 


4.5  Summary 

The  behaviour  of  locked  sands  during  shear  is  different 
from -that  of  either  dense  or  cemented  sands.  Diagenetic 
alteration  creates  a  curvature  of  the  Mohr-Coulomb  failure 
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envelope,  and  the  strength  increase  will  be  related  to  the 
degree  of  fabric  alteration. 

Locked  sands  are  characterized  by  a  lack  of 
cementitious  cohesion.  The  interlocking  grain  fabric  is 
responsible  for  the  high  angles  of  shearing  resistance 
encountered  at  low  normal  stress  values. 

The  energy-based  failure  criteria  discussed  above  are 
not  practically  applicable  to  design  problems  in  oil  sands 
as  the  parameters  needed  for  analysis  are  difficult  to 
evaluate.  The  use  of  a  curve- f i t t i ng  technique  on  actual 
test  data  may  be  the  approach  which  is  most  amenable  to 
ana  lysis. 
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Figure  4.1  :  Mohr  envelope  for  granulated  marble 
(after  Rosengren  and  Jaeger,  1968). 


Shear  Stress  r 


0  =  angle  of  frictional  sliding  resistance 
0r  =  residual  angle  of  friction 
i  =  angle  of  inclination  of  asperities 


Figure  4.2  :  Bimodal  failure  criterion 
(after  Patton,  1 966). 


Major  Principal  Stress  a 


<t,  =  (T3  +  v/  mac(73  +  S<rc 


uniaxial  compressive  strength 
of  intact  rock  in  specimen 

uniaxial  tensile  strength  of 
specimen 


Minor  Principal  Stress  a3 


Figure  4.3  :  Empirical  relationship  between  principal 
stresses  at  failure  in  a  rock  mass 
(after  Hoek  and  Brown,  1980). 
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rp  =  peak  shear  stress 
=  a  cr  b 
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Tf  =  component  due  to  shear  of  grains 
=  (1  -b)  a(7Nb 

rd  =  component  due  to  dilatency 
=  ab(7Nb-rr 
Tr  =  residual  shear  stress 
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Figure  4.4  :  Curve-fitting  technique  for  strength 
of  oil  sands  (after  Dusseault,  1 977). 


Shear  Stress 


1.  Patton  (1966) 


2.  Cemented  Sand 


3.  Locked  Sand 


4.  Dense  Sand 


Figure  4.5  :  Comparison  of  Mohr-Coulomb  envelopes  for 
dense,  locked,  and  cemented  sands. 


5.  EXPERIMENTAL  INVESTIGATION 


5.1  Introduction 

A  laboratory  testing  program  was  performed  on  samples 
of  oil-free  McMurray  and  Grand  Rapids  Formations.  Index  data 
were  collected  to  aid  in  examination  of  the  grain  fabric  of 
oil  sands.  The  compressibility  of  the  materials  was  measured 
by  oedometer  testing,  and  direct  shear  tests  were  conducted 
to  evaluate  strength  and  di latency  characteristics. 

The  results  of  these  tests  are  examined  in  the  context 
of  diagenetic  alteration  and  its  influence  on  sandstone 
fabric.  Some  of  the  practical  implications  of  this  behaviour 
for  open-pit  mining  and  in  situ  production  are  discussed. 


5.2  Testing  Program 

5.2.1  Materials  Tested 

Five  main  sample  groups  of  oil-free  materials  were 
examined  in  the  testing  program:  fine-,  medium-,  and 
coar se-grai ned  McMurray  Formation,  and  Grand  Rapids 
Formation  A  and  C.  The  sampling  locations  and  geological 
origin  of  these  specimens  are  discussed  in  Chapter  3.  These 
samples  were  also  used  for  microscope  examination. 

As  discussed  above,  all  specimens  were  obtained  from 
river  valley  outcrops  in  the  Fort  McMurray  area.  The  use  of 
oil-free  materials  eliminated  the  problems  of  sample 
disturbance  caused  by  exsolution  of  gas  from  the 
interstitial  bitumen. 
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The  behaviour  of  oil-free  samples  may  not  be  identical 
with  that  of  oil -rich  material;  however,  the  behavioural 
characterisi tics  during  shear  may  very  well  be  similar.  Any 
effects  of  interstitial  bitumen  on  material  behaviour  can 
only  be  evaluated  when  high-quality  oil-rich  specimens  are 
obtained.  The  data  collected  for  oil -free  samples  will 
provide  a  valuable  comparison  should  such  specimens  become 
avai 1  able . 

5.2.2  Index  Tests 

A  number  of  standard  index  tests  were  conducted  on  the 
five  main  sample  groups:  grain  size  distribution,  density 
(porosity),  water  content,  and  density  index  (relative 
densi ty ) . 

The  grain  size  of  the  materials  was  evaluated  by 
washing  the  samples  through  the  number  200  U.S.  sieve  (0.074 
mm.  diameter).  The  samples  were  then  oven-dried  and  a  sieve 
analysis  was  performed  to  determine  the  grain  size 
distribution.  The  analysis  was  conducted  on  the  original 
samples  as  well  as  on  the  direct  shear  test  samples  after 
shearing.  The  latter  tests  were  performed  to  evaluate  grain 
crushing  during  shear. 

The  density  of  the  materials  was  determined  by 
immersing  a  small  intact  block  of  each  material  in  hot  wax 
and  subsequently  measuring  the  volume  by  mercury 
displacement.  The  porosity,  void  ratio,  and  saturated 
density  of  the  materials  were  then  calculated. 
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Density  index  tests  were  performed  to  compare  the  in 
situ  density  with  the  density  which  can  be  achieved  by 
compaction.  The  minimum  density  of  the  samples  was  measured 
by  pouring  the  dry  material  through  a  funnel  into  a  standard 
Proctor  mold.  The  maximum  density  was  determined  by 
vibratory  compaction  of  the  dry  material.  The  density  index 
was  calculated  as  follows: 

^  p  “  €  max  ~  ^ _ 

e  -  e 

^ max  ^  m  m 

where  is  the  maximum  void  ratio,  e  min  is  the  minimum 

void  ratio,  and  e  is  the  in  situ  void  ratio. 

5.2.3  Oedometer  Tests 

Oedometer  tests  were  conducted  on  the  five  sample  types 
to  determine  the  compressibility  of  the  materials.  The 
testing  apparatus  consisted  of  a  dead  loading  frame  with  a 
lever  arm.  The  load  placed  on  the  sample  by  the  weight  of 
the  loading  frame  was  approximately  3  MPa.  Because  this  load 
was  seated  before  measurement  of  vertical  displacement  could 
begin,  the  exact  void  ratio  under  the  initial  load  could  not 
be  measured.  The  modulus  of  compressibility  av  was 
detemined  by  finding  the  slope  of  the  void  ratio-stress 
curve.  The  coefficient  of  compressibility  mv  could  not  be 
calculated  as  the  initial  void  ratio  was  not  Known  exactly. 

5.2.4  Direct  Shear  Tests 

Strength  tests  were  conducted  in  a  standard  direct 
shear  testing  frame.  The  tests  were  conducted  over  a  normal 
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stress  range  of  50  to  5000  KPa  (7  to  725  psi  ) .  Measurements 
of  shear  stress,  horizontal  displacement,  and  vertical 
displacement  were  recorded  during  each  test.  Plots  of  shear 
stress  versus  horizontal  displacement  were  used  to  examine 
the  shear  behaviour  before  and  after  peak  shear  stress.  The 
vertical  displacement  was  used  as  a  measure  of  the  di latency 
of  the  soil  structure  during  shear. 

Residual  strength  tests  were  conducted  on  the  samples 
of  Grand  Rapids  Formation  A  and  C,  and  on  the  samples  of 
McMurray  Formation  above  a  normal  stress  of  2000  KPa. 

Plots  of  shear  stress  versus  normal  stress  were 
constructed  for  each  set  of  shear  specimens  to  examine  the 
change  in  shear  behaviour  which  takes  place  with  increasing 
normal  stress.  Plots  of  di latency  rate  at  failure  versus 
normal  stress  were  used  to  demonstrate  the  suppression  of 
di latency  with  increasing  normal  stress.  The  di latency  rate 
at  failure  was  calculated  as  the  volume  change  of  the  sample 
divided  by  the  horizontal  displacement. 


5.3  Experimental  Results 

5.3.1  Index  Data 

5. 3. 1.1  Grain  Size  Data 

The  grain  size  distribution  curves  for  all  five  main 
sample  groups  are  presented  in  Figure  5.1.  The  only  material 
which  contains  a  significant  amount  of  clay-size  particles 
is  the  Grand  Rapids  Formation  C.  As  discussed  above,  this 
fine  material  is  in  the  form  of  montmor i 1 loni t i c  clay 
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coatings  on  the  grain  surfaces.  The  influence  of  this  clay 
on  the  compressibility  of  the  material  is  discussed  below. 

Table  5.1  is  a  summary  of  the  grain  size  data  for  the 
materials.  The  values  of  coefficient  of  uniformity  for  fine- 
and  medium-grained  McMurray  Formation  and  Grand  Rapids 
Formation  A  (cu  less  than  two)  indicate  that  these  materials 
are  extremely  uniform.  The  coefficient  of  uniformity  of  the 
Grand  Rapids  Formation  C  material  is  slightly  higher  than 
that  of  the  above  materials.  This  higher  value  results  from 
the  presence  of  approximately  ten  percent  clay,  and  the  sand 
portion  of  the  material  is  quite  uniform.  The  coarse-grained 
McMurray  Formation  is  the  only  material  which  is 
well-graded,  having  a  coefficient  of  uniformity  of  5.93. 

The  three  samples  of  McMurray  Formation  have  median 
grain  diameters  of  0.200,  0.430,  and  0.620  mm,  whereas  the 
samples  of  Grand  Rapids  Formation  A  and  C  have  median  grain 
diameters  of  0.100  and  0.230  mm  respectively.  The  use  of 
this  variety  of  materials  will  aid  in  delineating  the 
influence  of  mineralogy,  grain  size,  and  gradation  on  the 
strength  of  the  material. 

The  extent  of  grain  crushing  during  shear  was  evaluated 
by  grain  size  analysis  of  the  direct  shear  samples  after 
shearing.  Table  5.2  contains  grain  size  data  for  sheared 
samples  of  Grand  Rapids  Formation  over  a  range  of  normal 
stress  levels.  Although  residual  tests  were  conducted  on  the 
Grand  Rapids  Formation  samples  at  higher  stress  levels,  the 
results  presented  in  Table  5.2  are  the  only  ones  which  are 
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comparable,  as  the  same  number  of  residual  cycles  were 
conducted  for  each.  The  table  shows  a  significant  increase 
in  the  percentage  of  material  washed  through  the  number  200 
sieve,  indicating  that  grain  crushing  has  occurred.  No 
significant  change  was  observed  in  the  samples  of  McMurray 
Format i on . 

The  grain  crushing  in  the  Grand  Rapids  Formation 
results  from  the  presence  of  feldspar  grains,  which  have 
cleavage  planes  and  are  therefore  weaker  than  quartz  grains. 
Little  change  was  observed  in  the  McMurray  Formation  as  it 
is  almost  totally  quartzose.  Quartz  has  no  significant  plane 
of  weakness  along  which  preferential  cleavage  can  take 
place . 

The  crushing  of  grains  during  shear  will  influence  the 
observed  residual  behaviour  of  the  materials.  This  topic  is 
discussed  below. 

5. 3. 1.2  Density  and  Water  Content  Tests  Results 

The  results  of  density  and  water  content  analyses  are 
presented  in  Table  5.3.  The  saturated  density  of  each 
material  was  calculated  so  that  there  is  a  direct  comparison 
with  results  of  geophysical  logs  and  bitumen-saturated 
samples.  The  density  results  are  presented  as  an  average 
saturated  density  value  with  a  measurement  error.  The 
porosity  of  each  of  the  materials  was  also  calculated.  The 
density  values  obtained  range  from  2.06  to  2.27  g/cm3.  These 
results  show  an  increase  in  density  above  that  of  a  dense 
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sand  (usually  less  than  2.0  g/cm3 ) .  This  high  density  has 
resulted  from  diagenetic  alteration. 

The  density  of  the  coarse-grained  McMurray  Formation 
was  found  to  be  2.27  g/cm3.  This  high  density  results  from 
the  presence  of  large  grains  and  the  relatively  well-graded 
nature  of  the  material.  Of  the  samples  of  McMurray 
Formation,  the  fine-grained  material  appears  to  have  been 
affected  the  most  by  di agenesis.  It  is  a  very  uniform 
material  with  a  density  of  2.11  g/cm3. 

If  the  assumption  is  made  that  approximately  the  same 
environmental  forces  (stress,  temperature,  pH,  rate  of  fluid 
flow)  were  operative  in  the  three  sampling  locations  of  the 
McMurray  Formation,  then  approximately  the  same  magnitude  of 
grain  interpenetration  would  have  taken  place  in  each 
location.  This  assumption  is  fairly  logical,  as  the  sampling 
locations  were  within  35  m  of  each  other.  A  given  amount  of 
grain  i nterpenetrat ion  would  have  a  much  more  significant 
effect  (greater  porosity  reduction)  on  the  fine-grained 
material  than  on  the  coarse-grained  material,  as  the  ratio 
of  grain  interpenetration  to  grain  diameter  is  much  higher. 
In  the  same  manner,  if  the  rate  of  influx  of  pore  fluid  was 
approximately  the  same  in  each  location,  the  fine-grained 
material  would  undergo  faster  overgrowth  development  (Heald 
and  Renton,  1966),  as  the  relative  surface  area  available 
for  overgrowth  nucleation  is  larger  in  a  fine-grained 
material.  Thus  it  is  logical  that  for  the  fine-  and 
medium-grained  McMurray  Formation,  which  are  both  of  a 
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similar  uniform  gradation,  the  fine-grained  material  should 
have  undergone  more  significant  alteration.  The  influence  of 
this  factor  on  shear  strength  is  discussed  below. 

The  water  content  test  results  presented  in  Table  5.3 
are  an  average  of  measurements  taken  on  the  direct  shear 
sample  trimmings.  The  water  content  of  the  McMurray 
Formation  and  the  Grand  Rapids  Formation  A  materials  was 
found  to  be  very  low,  ranging  from  one  to  six  percent.  The 
water  content  of  the  Grand  Rapids  Formation  C  is  higher, 
ranging  from  13  to  20  percent.  This  increased  value  results 
from  the  presence  of  water  in  the  clay  coating  on  the 
grains.  As  discussed  above,  the  clay  layer  appears  to  have 
enhanced  pressure  solution  by  holding  water  within  the 
contact  areas  and  allowing  easier  diffusion  of  dissolved 
material  into  free  pore  space.  The  materials  have  been 
saturated  for  most  of  their  history,  so  pressure  solution 
would  probably  have  taken  place  without  the  clay,  but  its 
presence  would  enhance  the  solution  process. 

5. 3. 1.3  Density  Index  Test  Results 

The  results  from  the  density  index  tests  are  presented 
in  Table  5.4.  The  density  index  values  are  all  greater  than 
100  percent,  indicating  that  the  materials  cannot  be 
recompacted  without  grain  crushing  to  their  in  situ 
densities.  The  results  indicate  that  the  fine-grained 
McMurray  Formation  has  been  affected  the  most  by  diagenesis 
and  the  coarse-grained  material  the  least.  The  Grand  Rapids 
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materials  appear  to  have  been  substantially  altered  by 
diagenetic  processes. 

5.3.2  Oedometer  Test  Results 

The  results  of  the  oedometer  or  one-dimensional 
consolidation  tests  performed  on  the  five  main  test 
materials  are  presented  in  Table  5.5.  For  the  samples  of 
McMurray  Formation  and  Grand  Rapids  Formation  A,  the 
first-cycle  modulus  of  compressibility  ranges  from  0.80X10-6 
to  2.15X10'6  KPa-1.  The  compressibility  for  these  materials 
stabilizes  quickly  over  successive  loading  cycles  to  a  value 
ranging  from  0.17X10"6  to  0.52X10"6  kPa-1.  The  medium-  and 
coarse-grained  samples  of  the  McMurray  Formation  are 
slightly  more  compressible  than  the  fine-grained  material. 

These  results  compare  with  a  compressibility  of  2  0  X  1  0  ~ 6 
kPa-1  for  a  dense  sand  (Mitchell,  1976).  The  effect  of 
diagenesis  is  to  make  the  materials  less  compressible  and 
more  competent.  The  increased  grain  contact  area  and  the 
densified  structure  result  in  a  lower  compressibility  value. 
As  the  grain  contacts  are  altered  from  tangential  to  long 
and  concavo-convex,  the  compressibility  of  the  material  will 
decrease,  as  stresses  are  distributed  over  a  larger  area  and 
grain  crushing  is  decreased. 

The  first-cycle  modulus  of  compressibility  for  the 
Grand  Rapids  Formation  C  is  approximately  6 . 1 X 1 0 “ 6  kPa-1, 
which  is  higher  than  for  the  other  materials.  This  increased 
value  results  from  the  compression  of  the  thin 
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montmor i 1 loni t ic  clay  coatings  during  the  initial  loading 
cycle.  In  succeeding  cycles,  the  effect  of  the  clay  content 
is  eliminated  by  displacement  of  the  clay,  and  the 
compressibility  stabilizes  to  approximately  the  same  value 
as  for  the  other  materials. 

A  typical  void  ratio  versus  stress  curve  is  presented 
in  Figure  5.2.  This  curve  is  the  test  result  for  a  sample  of 
fine-grained  McMurray  Formation.  The  first-cycle  modulus  of 
compressibility  is  approximately  0.7X10-6  KPa-1,  while  for 
succeeding  cycles  the  value  quickly  stabilizes  at 
approximately  0.2X10'6  KPa-1.  This  behaviour  is  typical  of 
all  materials  tested.  It  is  interesting  to  note  that  the 
test  results  plot  as  a  straight  line  on  a  linear-axis  plot 
over  the  stress  range  used  in  testing. 

It  is  possible  that  the  cyclic  compressibility  value 
may  be  more  typical  of  the  in  situ  compressibility  value  at 
depth  than  the  first-cycle  compressibility.  The  materials 
sampled  have  undergone  stress  relief  and  are  slightly 
disturbed  compared  with  material  at  depth.  The  overburden 
pressure  in  most  areas  of  the  oil  sands  deposits  is  much 
higher  than  the  stress  levels  used  in  testing.  It  seems 
logical,  therefore,  that  the  cyclic  compressibility  would  be 
more  representat i ve  of  the  in  situ  material. 

5.3.3  Direct  Shear  Test  Results 

Several  example  plots  of  shear  stress  vs.  horizontal 
displacement  and  vertical  displacement  vs.  horizontal 
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displacement  for  the  direct  shear  tests  conducted  are 
presented  in  Figures  5.3  through  5.6.  Figure  5.3  shows  the 
shear  behaviour  of  fine-grained  McMurray  Formation  at  low 
normal  stress.  The  shear  stress  drops  off  sharply  after  peak 
stress  is  reached.  Associated  with  the  high  strength  and 
strain-weakening  behaviour  is  a  high  di latency  during  shear. 
Figure  5.4  illustrates  the  shear  behaviour  of  this  material 
under  high  normal  stress.  The  drop  from  peak  to  residual 
stress  is  less  prominent,  and  the  di latency  of  the  soil 
structure  has  been  largely  suppressed. 

The  shear  behaviour  of  the  Grand  Rapids  Formation  A 
sand  is  illustrated  in  Figure  5.5  for  a  normal  stress  of  250 
kPa.  The  material  undergoes  di latency  during  shear,  and  the 
strain-weakening  behaviour  is  prominent.  With  subsequent 
shearing  cycles  the  stress  quickly  levels  off  to  a  constant 
residual  or  ultimate  strength  value.  Figure  5.6  illustrates 
the  shear  behaviour  of  the  Grand  Rapids  Formation  A  at  a 
normal  stress  of  4000  kPa.  The  di latency  of  the  soil  is 
suppressed,  but  the  stress  does  not  decrease  to  a  residual 
value;  rather  it  increases  until  peak  stress  is  exceeded. 

For  samples  of  Grand  Rapids  Formation  A  and  C  tested  at 
a  normal  stress  of  2000  kPa  and  above,  the  ultimate  shear 
strength  was  observed  to  increase  with  each  successive 
shearing  cycle.  When  the  samples  were  removed  from  the  shear 
box,  the  shear  plane  was  observed  to  be  noticably  hardened. 
The  presence  of  the  weaker  feldspar  grains,  which  have 
cleavage  planes,  caused  grain  crushing  to  occur,  the  result 
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being  that  with  each  cycle  the  shear  plane  densified  and  the 
stress  increased.  In  some  samples,  where  five  or  six 
residual  cycles  were  conducted,  the  shear  plane  was  observed 
after  testing  and  found  to  be  concave  upwards.  The  hardening 
of  the  shear  plane  thus  caused  the  material  to  shear  along 
an  alternative  path,  creating  an  expansion  of  the  sheared 
zone.  The  residual  strength  test  results  for  the  Grand 
Rapids  Formation  A  and  C  at  high  stress  levels  are  thus 
upper  bound  estimates  of  the  residual  strength. 

No  difficulties  were  encountered  in  measuring  the 
residual  strength  of  the  fine-grained  IVlcIVlurray  Formation. 
However,  for  both  the  medium-  and  coarse-gra i ned  materials 
the  stress  was  observed  to  increase  sharply  with  successive 
cycles.  This  did  not  appear  to  result  from  grain  crushing, 
as  little  change  was  observed  in  the  grain  size  analysis 
after  shearing.  The  problem  was  caused  by  the  jamming  of  the 
large  grains  in  the  confined  space  between  the  two  halves  of 
the  shear  box . 

The  behaviour  of  locked  sands  during  shear  is 
characterized  by  a  strain-weakening  peak- to- res i dua 1 
behaviour  and  a  high  di latency  at  low  normal  stress.  At  low 
normal  stress,  the  energy  required  to  push  the  soil  skeleton 
apart  is  high,  and  consequently  the  shear  strength  is  high. 
As  normal  stress  is  increased,  grain  crushing  begins  to 
occur  and  the  di latency  of  the  structure  is  suppressed.  This 
behaviour  is  characterized  by  a  curvilinear  Mohr -Cou lomb 
envelope . 
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The  measured  shear  stress  in  the  direct  shear  tests  was 
observed  to  increase  to  approximately  half  its  peak  value 
before  any  vertical  displacement  occurred.  The  horizontal 
displacement  to  this  point  (approximately  0.1  cm)  is  taken 
up  by  elastic  compression  of  the  grains. 

The  shear  test  results  for  the  five  main  sample  groups 
are  presented  in  Figures  5.7  through  5.12.  The  peak  strength 
curves  plotted  on  the  Mohr -Coulomb  envelopes  are  linear 
log-log  statistical  best-fit  curves  of  the  form 

%=  aO 

as  described  in  Chapter  4  (  Tp  =  peak  shear  stress  in 
kPa;  <r M  =  normal  stress  in  kPa).  The  values  of  the 
correlation  parameters  a  and  b  are  calculated  based  on  units 
of  kPa  for  stresses.  Figure  5.7  is  a  comparison  of  the 
curve-fit  relationships  for  all  five  materials. 

Figure  5.8  shows  the  shear  stress  vs.  normal  stress 
relationship  for  fine-grained  McMurray  Formation.  The 
residual  test  results  are  plotted,  and  an  approximate 
residual  envelope  has  been  shown.  This  envelope  does  not 
result  from  curve- f i t t i ng ;  it  is  an  approximate  projection 
through  the  points. 

Extensive  strength  testing  of  oil  sands  (Dusseault, 
1977)  has  indicated  that  the  residual  envelope  for  the 
McMurray  Formation  approximates  a  straight  line  over  a  low 
range  of  normal  stress  (0  to  1000  kPa)  and  that  the  residual 
angle  of  shearing  resistance  is  approximately  33°.  These 
results  are  consistent;  consequently  no  residual  testing  of 
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the  McMurray  Formation  at  low  stress  levels  was  performed. 

Figure  5.9  and  5.10  contain  the  Mohr -Cou lomb  envelopes 
for  the  samples  of  medium-  and  coarse-grained  McMurray 
Formation  respectively.  As  discussed  above,  the  residual 
shearing  resistance  could  not  be  properly  measured,  thus  the 
residual  test  results  for  these  materials  are  not  plotted. 

The  peak  and  residual  Mohr-Coulomb  envelopes  for  Grand 
Rapids  Formation  A  and  C  are  shown  in  Figures  5.11  and  5.12. 
As  indicated  by  the  grain  size  analyses,  grain  crushing  in 
these  materials  increased  with  increasing  normal  stress.  For 
the  samples  of  Grand  Rapids  Formation  above  a  normal  stress 
level  of  2000  kPa,  no  credence  is  given  to  the  residual 
measurements  as  the  shear  zone  compacted  and  stress 
increased  with  each  successive  residual  cycle.  The  residual 
envelopes  shown  are  approximate  projections  through  the  data 
points  and  are  not  curve-fit  relationships. 

Each  Mohr-Coulomb  envelope  shows  the  values  of  the 
correlation  parameters  a  and  b.  Table  5.6  is  a  summary  of 
the  correlation  parameters  and  correlation  coefficients  for 
a  1 1  mater i a  1 s . 

For  each  sample  tested,  the  di latency  rate  at  failure 
was  calculated  as  the  volume  change  of  the  sample  (as 
measured  by  vertical  displacement)  divided  by  the  horizontal 
displacement.  The  di latency  rate  was  found  to  be  a  maximum 
at  and  immediately  before  peak  shear  stress,  as  indicated  by 
the  slope  of  the  vertical  displacement  vs.  horizontal 
displacement  plot.  Figure  5.13  is  a  plot  of  di latency  rate 
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at  failure  vs.  normal  stress  for  the  samples  of 
coarse-grai ned  McMurray  Formation.  This  plot  shows  the 
suppression  of  di latency  by  increasing  normal  stress.  A 
similar  plot  was  obtained  for  all  sample  groups. 


5.4  Discussion  and  Analysis  of  Test  Results 

5.4.1  Factors  Influencing  Shear  Strength 
The  strength  of  granular  materials  is  governed  by  a 
number  of  different  factors.  These  factors  have  been 
categorized  as  follows. 

1.  deposition  of  material:  original  density  or  packing 

2.  relating  to  mineralogy: 

a.  internal  strength  of  grains 

b.  presence  of  relatively  weaker  grains 

3.  relating  to  grain  size: 

a.  grain  size 

b.  gradation 

c.  grain  shape 

4.  relating  to  diagenetic  alteration: 

a.  nature  of  interparticle  contacts  (tangential, 
long,  concavo-convex,  or  sutured) 

b.  microscopic  nature  of  grain  contacts 

c.  density  of  the  material  (porosity) 

d.  degree  of  porosity  reduction  caused  by  diagenetic 
processes 

All  these  factors  are  interrelated  in  a  complex  manner.  The 
points  listed  under  one  to  three  will  determine,  together 
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with  the  environmental  conditions  of  stress,  temperature, 
and  pore  fluid  flow,  the  extent  to  which  diagenetic 
processes  modify  a  sediment.  Thus  the  influence  of  a 
specific  factor  on  the  strength  of  the  material  is  difficult 
to  determine. 

Table  5.6  contains  a  summary  of  the  correlation 
parameters  for  the  shear  stress  vs.  normal  stress 
relationship  for  the  five  main  test  materials.  The 
parameters  a  and  b  are  plotted  in  Figure  5.14  against  the 
median  grain  size  of  the  samples.  Although  no  quantitative 
conclusions  can  be  drawn  from  this  plot,  the  general  trend 
shows  that  the  b  value  decreases  with  increasing  median 
grain  size,  and  the  a  value  increases  with  increasing  median 
grain  size.  The  mineralogy  is  also  obviously  influential. 

The  quar tz- f e 1 dspar  Grand  Rapids  Formation  has  lower  b 
values  and  higher  a  values  than  the  quartzose  McMurray 
Format i on . 

The  influence  of  the  various  factors  listed  above  on 
the  strength  of  the  materials  will  be  discussed  using  the 
parameters  a  and  b  as  a  measure  of  shear  behaviour. 

The  components  of  shear  strength  above  residual  due  to 
di latency  and  fabric  cohesion  (shear  of  grains)  are 
presented  in  Figure  4.4.  The  fabric  cohesion  is  determined 
by  taking  a  tangent  to  the  Mohr -Cou lomb  envelope  at  a  given 
normal  stress,  and  projecting  this  tangent  back  to  zero 
normal  stress.  On  the  basis  of  this  analysis,  the  components 
are  defined  as  follows: 
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n  /n  = 


component  due  to  shear  of  grains 
(  1  -b  )  a  cr^  b 
( 1-b)  T. 

(1-b) 


component  due  to  di latency 

=  abcrMb  -  rr 

=  brp-  TV 
=  b  -  tv  /rf 

From  the  equations  it  can  be  seen  that  a  and  b  together 
define  the  magnitude  of  the  peak  shear  stress,  and  b  is  a 
measure  of  the  portion  of  shearing  resistance  above  residual 
due  to  di latency  and  to  shearing  of  grains. 

For  equal  values  of  the  parameter  a,  a  lower  b  value 
implies  a  greater  curvature  of  the  failure  envelope  and 
increased  suppression  of  di latency  with  increasing  normal 
stress.  As  would  be  expected,  the  b  values  for  the  Grand 
Rapids  Formation  are  lower  than  for  the  McMurray  Formation, 
and  the  envelope  curvature  is  greater.  This  greater 
suppression  of  di latency  results  from  shearing  of  the  weaker 
feldspar  grains  present  in  the  Grand  Rapids  Formation.  The 
higher  value  of  the  parameter  a  combined  with  the  lower  b 
value  gives  the  Grand  Rapids  materials  a  strength  at  low 
normal  stress  (0  to  700  kPa)  which  is  slightly  higher  than 
that  of  the  McMurray  Formation  samples.  The  samples  of  Grand 
Rapids  Formation  examined  in  the  scanning  electron 
microscope  were  observed  to  have  a  greater  number  of 
interlocking  grain  contacts  than  the  McMurray  Formation 
samples,  which  supports  the  observation  of  higher  strength 
at  low  normal  stress. 

As  stated  above,  the  value  of  b  obtained  is  observed  to 
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increase  with  decreasing  median  grain  size.  This  implies 
that  the  more  fine-grained  the  material  is,  the  greater  will 
be  the  portion  of  strength  due  to  di latency.  It  has  been 
demonstrated  that  an  equal  amount  of  diagenetic  alteration 
will  have  a  greater  effect  (more  porosity  reduction)  on  a 
fine-grained  material.  If  this  fine-grained  material  has 
undergone  greater  porosity  reduction  and  consequently  has 
greater  grain  interlock,  it  is  logical  that  di latency  will 
have  a  larger  influence  on  strength. 

A  coarse-grained  material  will  be  influenced  less  by 
diagenetic  processes,  thus  the  change  in  di latency 
character i st i cs  would  be  smaller.  The  fabric  cohesion  or 
shearing  of  grains  would  be  a  more  dominant  part  of  the 
shear  strength. 

5.4.2  Diagenetic  Classification  by  Porosity  Reduction 

Beard  and  Weyl  (1973)  conducted  a  series  of  experiments 
to  measure  the  original  packing  of  sands.  Material  was 
selected  from  two  different  alluvial  systems  and  samples 
were  prepared  to  represent  different  grain  sizes  and 
gradations.  The  porosity  of  the  samples  was  determined  under 
dry- loose  and  wet-packed  conditions.  The  maximum  porosity  of 
the  samples  was  measured  by  placing  dry  material  in  as  loose 
a  state  as  possible.  This  dry  material  was  then  wetted  and 
tamped  in  such  a  manner  as  to  avoid  grain  crushing,  and  the 
"packed"  porosity  of  the  materials  was  determined.  The  data 
will  be  used,  together  with  the  density  index  test  results, 
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to  estimate  the  degree  of  diagenetic  alteration  (porosity 
reduction)  of  the  oil  sand  materials  tested. 

The  five  main  test  materials  were  classified  by  grain 
size  and  gradation  according  to  the  system  proposed  by  Beard 
and  Weyl .  Table  5.7  contains  the  in  situ  porosities  of  the 
materials,  together  with  the  porosity  which  can  be  achieved 
by  wet-packing  according  to  Beard  and  Weyl.  The  estimated 
porosity  reduction  is  calculated  on  this  basis.  Table  5.7 
also  contains  the  minimum  porosity  values  from  the  density 
index  test  results  (dry  vibration  method),  and  the  porosity 
reduction  by  diagenesis  is  also  estimated  using  these 
resu Its. 

The  minimum  porosity  results  from  the  density  index 
tests  on  the  Grand  Rapids  Formation  materials  are  much 
higher  than  the  porosities  achieved  by  Beard  and  Weyl  for 
samples  of  similar  grain  size  and  gradation.  This  results 
partly  from  the  difference  in  method  of  compaction  (dry 
vibration  as  opposed  to  wet  tamping)  and  also  from 
differences  in  the  sphericity  and  angularity  of  the 
particles.  The  grains  in  the  Grand  Rapids  Formation  are  very 
angular  and  have  indented  surfaces  which  would  result  in 
looser  packing. 

On  the  basis  of  the  approximate  data  presented  in  Table 
5.7  and  the  observation  of  comparative  materials  (for 
example,  i tacolumi tes )  a  qualitative  classification  of 
degree  Qf  diagenetic  alteration  has  been  developed.  The 
classification  is  given  in  Table  5.8. 
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Category  1  describes  unaltered  and  only  slightly 
altered  sands.  The  curvature  of  the  Mohr -Cou lomb  envelope  is 
slight,  and  tangential  grain  contacts  predominate. 

The  oil  sand  materials  examined  encompass  categories  2 
and  3.  The  grain  contacts  have  been  altered  to  long  and 
concavo-convex,  and  the  failure  envelope  has  a  substantial 
curvature . 

The  itacolumites  examined  fit  into  category  5.  They 
possess  substantial  cohesion  at  zero  normal  stress,  and  the 
grain  contacts  are  concavo-convex.  Grain  interlock  in  these 
materials  is  extensive,  and  the  materials  are  difficult  to 
di saggregate . 

The  divisions  between  the  groups  are  an  arbitrary  and 
approximate  method  of  delineating  the  degree  of  diagenetic 
alteration.  This  classification  serves  as  a  broad 
categorization  of  the  effect  of  diagenesis  on  strength. 
Porosity  reduction  is  not  the  only  essential  factor  in 
diagenetic  alteration,  but  it  appears  to  be  a  good  indicator 
for  the  materials  examined.  The  classification  does  not 
apply  to  materials  which  have  actual  chemical  bonding 
between  grains  (cementation);  it  is  applicable  only  to 
locked  sands  which  have  been  altered  by  the  processes  of 
pressure  solution  and/or  crystal  overgrowth. 

The  possibility  of  course  exists  that  a  quartz  material 
may  have  undergone  diagenetic  alteration  before  introduction 
of  cementitious  material  (calcite,  siderite).  In  this  case 
the  classification  system  is  applicable  to  the  minus-cement 
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porosity  of  the  material.  In  addition  to  the  cementitious 
cohesion  at  zero  normal  stress,  the  Mohr -Coulomb  failure 
envelope  of  such  a  material  may  have  substantial  curvature, 
depending  on  the  degree  of  diagenetic  alteration  before 
cement  at  ion . 


5.5  Practical  Implications  of  Oil  Sands  Behaviour 

The  interlocking  structure  and  di latent  behaviour  of 
oil  sand  materials  has  important  implications  for  resource 
recovery  by  both  surface  mining  and  in  situ  processes.  The 
following  factors  related  to  structure  and  strength  will 
influence  oil  recovery  schemes  in  oil  sands: 

1.  the  lack  of  cementitious  cohesion 

2.  the  interlocking  grain  structure  which  causes: 

a.  a  high-strength  curvilinear  failure  envelope 

b.  high  di latency  during  shear  at  low  normal  stress 

c .  high  densi ty 

d.  strain-weakening  behaviour 

Natural  slope  angles  of  60  and  70  degrees  have  been 
observed  in  river  valley  outcrops  in  oil  sands  in  the  Fort 
McMurray  area.  The  extensive  grain  interlock  gives  oil  sand 
materials  excellent  stability  under  low  normal  stress  such 
as  encountered  in  river  valley  outcrops  and  in  pit  walls  of 
surface  mining  operations.  This  is  of  extreme  economic 
importance  in  surface  mining.  The  angle  at  which  the  pit 
walls  may  be  cut  will  be  limited  by  geologic  details  and 
pore  fluid  behaviour,  such  as  clay  seams  unfavourably 
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oriented  with  respect  to  the  pit  wall,  or  exsolving  gas 
maintaining  pore  pressures,  rather  than  by  the  strength  of 
the  oi 1  sand  itself. 

In  tunnelling  or  shafting  operations  the  cohesion  less , 
strain-weakening  behaviour  of  oil  sands  will  create  a  need 
for  immediate  excavation  support.  The  dense  interlocking 
nature  of  the  material  will  create  stress  arching  around  the 
opening.  However,  the  zone  of  shear  failure  around  the 
tunnel  or  shaft  will  be  loosened,  weak  material  which  no 
longer  possesses  fabric  interlock  and  will  thus  ravel 
rapidly  after  excavation.  Due  to  the  interlocking  fabric  of 
the  oil  sand  materials,  a  relatively  small  amount  of 
immediate  support  would  be  required  if  the  material  were  a 
clean  locked  sand.  However,  the  effect  of  the  dissolved  gas 
in  the  bitumen  phase  must  also  be  considered  as  a  possible 
factor  in  tunnel  ravelling. 

The  hydraulic  fracturing  process  in  oil  sands  will  be 
affected  by  the  strain-weakening  behaviour.  A  zone  of  shear 
failure  is  created  around  the  fracture  tip,  and  the  fluid 
injection  properties  will  be  influenced  by  the  di latent 
behaviour.  The  propagation  of  a  hydraulic  fracture  by  shear 
failure  in  oil  sands  requires  a  disruption  of  the 
interlocking  grain  structure.  This  disruption  may  require 
high  energy  input  (fluid  injection  pressure),  which 
correlates  with  the  high  shear  strength  of  the  material. 


* 

' 
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Table  5.1:  Grain  size  data  for  original  samples. 
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Table  5.2:  Grain  size  data  for  sheared  samples  of 
Grand  Rapids  Formation. 


Di rect  Shear 

Test  Sample 

Normal  Stress 
(kPa) 

%  passing 
no.  200  sieve 

GRA-2-79 

250 

6.6 

GRA-3-79 

400 

6.7 

GRA-4-79 

700 

7.6 

GRA- 5-79 

1000 

9.0 

GRA-6-79 

2000 

11  .8 

GRC-1-79 

100 

11.5 

GRC-2-79 

250 

12.3 

GRC-3-79 

400 

15.5 

GRC-4-79 

700 

19.0 

GRC-5-79 

1000 

15.8 

GRC-6-79 

2000 

19.7 

Table  5.3:  Density,  porosity,  and  water  content  test  results. 


Materi al 

^  sat 
(g/cc) 

n 

(%) 

w 

(%) 

Fi  ne-grai ned 

McMurray  Formation 

2.11 ±.04 

32.7 

5.9 

Medi um-grai ned 
McMurray  Formation 

2.071.04 

35.2 

1.4 

Coarse-grai ned 
McMurray  Formation 

2.271.04 

23.0 

1  .6 

Grand  Rapids 
Formation  A 

2.061.01 

36.1 

5.2 

Grand  Rapids 
Formation  C 

2.061.03 

37.6 

17.5 

Table  5.4:  Density  index  test  results. 


Materi al 

e 

max 

e  . 
min 

e 

!dW 

Fi  ne-grained 
McMurray  Formation 

0.9261 

0.6891 

0.4865 

185.5 

Medi um-grained 
McMurray  Formation 

0.8575 

0.6097 

0.5421 

127.3 

Coarse-grai ned 
McMurray  Formation 

0.5851 

0.3316 

0.2992 

112.8 

Grand  Rapids 
Formation  A 

1 .2037 

0.8580 

0.5660 

184.5 

Grand  Rapids 
Formation  C 

1 .6255 

1 .0105 

0.6038 

166.1 

Table  5.5:  Compressibility  test  results. 


Materi al 


Modulus  of  Compressibility  av (kPa  1 ) XI 0~6 


load 

Fine-grained 
McMurray  Formation 

0.80 

Medi um-grai ned 
McMurray  Formation 

2.15 

Coarse-grai ned 
McMurray  Formation 

2.05 

Grand  Rapids 
Formation  A 

0.96 

Grand  Rapids 
Formation  C 

6.13 

unload  reload  unload 


0.33 

0.35 

0.28 

0.28 

0.30 

0.25 

0.17 

0.52 

0.20 

0.32 

0.28 

0.27 

0.17 

0.51 

0.17 

Table  5.6:  Curve-fit  correlation  parameters,  relationship 
between  shear  stress  and  normal  stress. 


Materi al 


a  b  correlation 

coeffi ci ent 


Fi ne-grai ned 
McMurray  Formation 

2.4711 

0.8607 

0.9983 

Medi um-grai ned 
McMurray  Formation 

2.8672 

0.8089 

0.9966 

Coarse-grai ned 
McMurray  Formation 

3.9115 

0.7891 

0.9972 

Grand  Rapids 
Formation  A 

4.8135 

0.7667 

0.9957 

Grand  Rapids 
Formation  C 

10.2264 

0.6496 

0.9805 

‘ 


f 
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Table  5.7:  Estimate  of  porosity  reduction  resulting  from  di agenesis. 
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Table  5.8:  Classification  of  diagenetic  alteration 
in  sandstones. 


Ca  te  go  ry 

Porosi ty 
Decrease 

m 

Nature  of 

Grain  Contacts 

Effect  on  Strength 

1 

0-2 

tangenti al 

-very  small  to  no  alteration 
-small  strength  increase 
with  only  slight  failure 
envelope  curvature 
-zero  fabric  cohesion  at 
zero  normal  stress 

2 

2  -  6 

tangential  , 
long,  and 
concavo-convex 

-small  degree  of  alteration 
-failure  envelope  is 
noticeably  curved 
-very  small  fabric  cohesion 
at  zero  normal  stress; 
material  will  stand 
unsupported  but  is  very 
easily  disturbed 

3 

6  -  10 

predomi nantly 
long  and 
concavo-convex 

-medium  alteration 
-failure  envelope  is  curved; 
substantial  strength 
increase  at  low  normal 
stress 

-very  small  fabric  cohesion 
at  zero  normal  stress; 
material  will  stand 
unsupported  but  is 
easily  disturbed 

4 

10  -  15 

predominantly 

concavo-convex 

-high  degree  of  alteration 
-failure  envelope  is 
markedly  curved 
-moderate  fabric  cohesion  at 
zero  normal  stress; 
material  can  still  be 
broken  up 

5 

>15 

highly  interlocked 
concavo-convex 

-extreme  degree  of 
alteration 
-high  curvature  of 
failure  envelope 
-substantial  fabric  cohesion 
at  zero  normal  stress; 
material  is  difficult 
to  disaggregate 

. 


%  Finer  Than 
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lCr2  lcr1  10°  101 


Grain  Size  (mm) 


Figure  5.1  :  Grain  size  distribution  for  all  test  materials. 


Void  Ratio 
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Stress  (MPa) 


Figure  5.2  :  Void  ratio  vs.  stress  curve  for  oedometer 

test  FG  -  C2  -  79  on  fine-grained  McMurray 
Formation. 
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Figure  5.3  :  Shear  test  results,  fine-grained  McMurray 
Formation,  normal  stress  =  250  kPa. 
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Figure  5.4  :  Shear  test  results,  fine-grained  McMurray 
Formation,  normal  stress  =  4000  kPa. 
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Figure  5.5  :  Shear  test  results,  Grand  Rapids 

Formation  A,  normal  stress  =  250  kPa. 
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Figure  5.6  :  Shear  test  results,  Grand  Rapids 

Formation  A,  normal  stress  =  4000  kPa 
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(Bd>i)  SS0J1S  JB0qs 


750  1500  2250  3000  3750  4500  5250  6000 

Normal  Stress  (kPa) 

Figure  5.7  :  Shear  stress  vs.  normal  stress  for 
all  test  materials. 
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(Bd>l)  ss0j;s  JB0MS 


750  1500  2250  3000  3750  4500  5250  6000 

Normal  Stress  (kPa) 

Figure  5.8  :  Shear  stress  vs.  normal  stress, 

fine-grained  McMurray  Formation. 
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(Bd>l)  SS0J1S  JS0MS 


750  1500  2250  3000  3750  4500  5250  6000 

Normal  Stress (kPa) 

Figure  5.9  :  Shear  stress  vs.  normal  stress, 

medium-grained  McMurray  Formation. 


750  1500  2250  3000  3750  4500  5250  6000 

Normal  Stress  (kPa) 

Figure  5.10  :  Shear  stress  vs.  normal  stress, 

coarse-grained  McMurray  Formation. 
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750  1500  2250  3000  3750  4500  5250  6000 

Normal  Stress  (kPa) 

Figure  5.13  :  Dilatency  rate  at  failure  vs.  normal  stress 
coarse-grained  McMurray  Formation. 


•  McMurray  Formation 
■  Grand  Rapids  Formation 
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2.0  - 1 - ! - 1 - 1 
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Ds0  (mm) 

Figure  5.14  :  Relationship  between  shear  strength 
correlation  parameters  and  median 
grain  size. 


6.  CONCLUSION 

An  examination  of  oil  sands  in  the  scanning  electron 
and  optical  microscopes  reveals  that  the  diagenetic 
processes  of  pressure  solution  and  authigenic  crystal 
overgrowth  have  altered  the  materials.  The  materials  have  an 
interlocking  grain  fabric  with  many  long  and  concavo-convex 
grain  contacts. 

The  processes  of  pressure  solution  and  authigenic 
crystal  overgrowth  have  been  reviewed,  with  special 
attention  paid  to  the  environmental  conditions  necessary  for 
their  occurrence  and  the  grain  surface  and  contact  features 
which  they  produce. 

A  number  of  theoretical  analyses  for  the  strength  of 
granular  materials  and  rocks  have  been  examined,  together 
with  experimental  data  on  the  strength  of  rocks  and 
interlocking  aggregates.  A  curvilinear  curve- f i t t i ng  model 
for  the  strength  of  oil  sand  has  been  examined. 

The  results  of  direct  shear  tests  on  oil-free  block 
samples  of  the  McMurray  and  Grand  Rapids  Formations  show 
that  these  locked  sands  have  curvilinear  Mohr -Cou lomb 
failure  envelopes  with  negligible  fabric  cohesion  at  zero 
normal  stress.  The  di latency  during  shear  and  the 
strain-weakening  peak- to- res i dua 1  behaviour  result  from  the 
grain  interlock.  The  materials  have  high  strength  and  very 
low  compressibility. 

The  factors  which  relate  to  structure  and  strength  of 
oil  sand  which  will  influence  oil  recovery  schemes  are: 
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1.  the  lack  of  cementitious  cohesion 

2.  the  interlocking  grain  structure  which  causes: 

a.  a  high-strength  curvilinear  failure  envelope 

b.  high  di latency  during  shear  at  low  normal  stress 

c  .  high  dens i ty 

d.  strain-weakening  behaviour 
These  character i st i cs  have  many  important  implications  for 
the  design  of  structures  and  processes  in  oil  sands  (slope 
stability  in  open-pit  mines,  tunnelling  and  shafting 
operations,  hydraulic  fractures). 

Four  main  factors  will  influence  the  strength  of  a 
non-cemented  granular  material:  original  density  or  packing, 
mineralogy,  grain  size,  and  degree  of  diagenetic  alteration. 
The  relationship  between  these  factors  is  complex.  The  first 
three  factors  will  determine  in  part  the  amount  of 
diagenetic  alteration  which  takes  place. 

The  influence  of  mineralogy  on  strength  has  been 
demonstrated  by  comparison  of  the  McMurray  and  Grand  Rapids 
Formations.  The  Grand  Rapids  Formation  contains  quartz 
grains  together  with  weaker  feldspar  grains  as  opposed  to 
the  almost  totally  quartzose  McMurray  Formation.  The 
consequence  of  this  is  a  greater  curvature  of  the  failure 
envelope  in  the  Grand  Rapids  Formation,  which  results  from 
shearing  of  the  weaker  feldspar  grains  along  cleavage 
p  1  anes . 

The  influences  of  grain  size  and  diagenetic  alteration 
on  strength  are  difficult  to  separate,  as  the  grain  size  has 
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a  strong  influence  on  the  amount  of  diagenetic  alteration 
which  takes  place.  From  analysis  of  the  strength  envelopes 
obtained  for  various  grain  sizes  and  gradations  for  the  two 
formations  studied,  it  appears  that  a  smaller  grain  size 
will  increase  the  amount  of  diagenesis  which  takes  place, 
and  thus  the  strength  increase  will  be  greater,  provided  the 
environmental  conditions  are  equal  (stress,  temperature,  pH 
and  fluid  f low) . 

An  approximate  classification  system  for  degree  of 
diagenetic  alteration  has  been  presented  based  on  the 
porosity  reduction  which  a  material  has  undergone.  This 
system  is  applicable  to  locked  sands  with  no  cementitious 
cohesion.  In  a  cemented  material,  the  classification  system 
would  apply  to  the  minus-cement  porosity,  as  it  is  a  measure 
of  failure  envelope  curvature  and  fabric  cohesion. 
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APPENDIX  A 


LIST  OF  SYMBOLS 


Symbol 


Ysat 

Ybulk 

Ydry 

w 

n 

e 

e 

max 


'min 


Uni  ts 
g/cm3 
g/cm3 
g/cm3 

% 

% 


D 


D 


60 


D 


50 


D 


10 


u 


m. 


N 


% 

mm 

mm 

mm 

kPa"1 

kPa"1 

kPa 

kPa 

kPa 

kPa 

kPa 


Definition 
saturated  density 
bulk  density 
dry  density 
water  content 

porosity  =  volume  of  voids/total  volume 

void  ratio  =  volume  of  voids/volume  of  solids 

maximum  void  ratio  at  which  soil  can  be 
placed 

minimum  void  ratio  to  which  material  can 
be  compacted  (dry  compaction) 


density  index  = 


e  -  e 

max _ 

6  **0 

max  min 


60%  of  soil  weight  is  finer  than  diameter 
°60 

50%  of  soil  weight  is  finer  than  diameter 
°50 

10%  of  soil  weight  is  finer  than  diameter 
°10 


coefficient  of  uniformity  =  D5q/D-|q 

coefficient  of  compressibility 

modulus  of  compressibil ity ,  slope  o  void 
ratio  vs.  stress  curve 

normal  stress  on  soil  in  direct  shear  test 

peak  shearing  stress  on  soil  in  direct  shear 
test 

residual  shearing  stress  on  soil  in  direct 
shear  test 

the  portion  of  x  above  x  which  results 
from  shearing  ofpgrains 

the  portion  of  x  above  xr  which  results 
from  di latency  p 
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Symbol 

Units 

tan*'(Tp/<rH) 

O 

tan-1(xr/aN) 

o 

Gf 

cm 

AVf 

%/cm 

a 


b 


Definition 

secant  angle  of  peak  shearing  resistance 

secant  angle  of  residual  shearing  resistance 

displacement  at  failure 

di latency  rate  at  failure 

correlation  parameter  for  shear  strength 
b 

t  =  a  a., 
p  N 

correlation  parameter  for  shear  strength 
Tp  '  a  0N  b 


APPENDIX  B 


SAMPLE  PREPARATION  AND  TEST  METHODS 


B.1  Direct  Shear  Tests 

As  discussed  above,  oil-free  samples  of  McMurray  and  Grand 
Rapids  Formations  were  obtained  from  river  valley  outcrops  in  the 
Fort  McMurray  area.  These  specimens  were  cut  from  the  outcrop  face 
and  placed  in  plastic  bags.  They  were  then  wrapped  in  fiberglass  tape 
which  provided  an  all-round  confining  pressure.  The  samples  were 
extremely  delicate,  and  this  confining  pressure  was  required  to 
keep  them  intact. 

The  direct  shear  test  specimens  were  trimmed  from  the  block 
samples  into  a  circular  brass  cutting  ring  with  a  bevelled  edge. 

The  cutting  ring  used  for  samples  tested  at  a  normal  stress  level 

of  2000  kPa  and  below  was  6.35  cm  in  diameter  and  2.54  cm  high, 

whereas  the  ring  used  for  specimens  tested  at  higher  stresses 

was  5.08  cm  in  diameter  and  3.0  cm  high.  The  top  of  the  block  sample 

was  levelled  and  the  cutting  ring  was  then  placed  on  top.  The  sand 
surrounding  the  cutting  edge  was  carefully  trimmed  away  and  the  ring 
pushed  down  over  the  sand  until  approximately  5  to  10  mm  of  sand 
protruded  above  the  top  of  the  ring  (Figure  B.l).  The  top  and 
bottom  of  the  shear  specimen  were  then  levelled  off  with  a  straight 
edge,  and  the  sample  was  extruded  into  a  circular  shear  box 
the  same  diameter  as  the  cutting  ring. 

The  tests  were  conducted  in  a  standard  direct  shear  testing 
appartus,  with  normal  load  applied  to  the  sample  by  use  of  a  hanger 
and  lever  arm.  A  high-capacity  direct  shear  frame  was  used  for  the 


. 
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tests  conducted  above  a  normal  stress  level  of  2000  kPa.  As  the 
samples  had  very  low  moisture  content,  the  tests  were  conducted 
on  unsaturated  specimens. 

Evaluation  of  the  residual  strength  of  the  test  specimens 
was  carried  out  for  samples  of  Grand  Rapids  Formation,  and  for 
samples  of  McMurray  Formation  above  a  normal  stress  level  of 
2000  kPa.  Five  or  six  residual  cycles  were  run  in  addition  to 
the  peak  cycle. 

The  tests  were  conducted  using  a  rate  of  horizontal  displacement 
of  .00083  mm/sec  for  the  peak  cycle.  Residual  cycles  were  conducted 
at  a  rate  of  .0033  mm/sec  except  for  the  final  cycle,  which  was 
slowed  to  .00083  mm/sec. 

Measurements  of  shear  stress,  horizontal  displacement,  and 
vertical  displacement  were  recorded  during  each  test.  These 
measurements  were  recorded  by  an  automatic  data  aquisition  system. 

Plots  of  shear  stress  vs.  horizontal  displacement  and  vertical 
displacement  vs.  horizontal  displacement  were  constructed  for 
all  tests.  A  Mohr-Coulomb  envelope  has  been  drawn  for  each  set 
of  test  data  on  the  five  main  sample  groups. 

The  density  of  the  samples  was  measured  in  the  direct  shear 
cutting  ring.  Moisture  content  analysis  was  performed  on  the  trimmings 
from  each  direct  shear  sample.  The  density  measured  by  this  method 
is  lower  than  the  actual  value.  This  is  due  to  the  inaccuracy 
involved  in  the  sample  trimming.  Although  the  specimens  are  intact 
and  of  high  quality,  small  gaps  created  by  the  plucking  of  sand 
grains  from  the  structure  will  exist  next  to  the  cutting  ring. 
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This  lowers  the  measured  density  value.  The  inaccuracy  of  the  sample 
trimming  increases  with  increased  grain  size,  as  larger  grains 
must  be  removed  and  larger  gaps  will  be  created.  The  density 
value  in  thus  lowered  by  the  greatest  amount  in  the  samples  of 
coarse-grained  McMurray  Formation  due  to  the  presence  of  pebbles 
two  to  three  mm  in  diameter.  This  error  will  not  have  a  large 
effect  on  the  shear  strength  of  the  samples,  and  the  measured 
value  of  shear  strength  will  always  be  lowered  by  this  error. 

B.2  Compressibility  Tests 

Standard  one-dimensional  or  oedometric  compressibility  tests 
were  conducted  on  the  oil-free  samples  of  McMurray  and  Grand  Rapids 
Formations.  The  tests  were  conducted  over  a  stress  range  of  3  to 
16  MPa.  A  dead  loading  frame  with  lever  arm  was  used  to  apply 
stress  to  the  sample. 

The  samples  were  trimmed  into  a  circular  brass  cutting  ring 
5.08  cm  in  diameter  by  3.0  cm  high  in  the  same  manner  as  for  the 
direct  shear  tests  (Figure  B.l).  The  samples  were  then  extruded 
into  the  consol i dometer.  Stress  was  applied  in  a  vertical  direction, 
with  a  condition  of  no  lateral  yield.  As  discussed  above,  some 
error  was  involved  in  the  sample  trimming.  This  error  will  be 
most  important  in  coarse-grai ned  materials.  The  error  will 
cause  the  measured  value  of  compressibility  to  be  higher  than 
the  actual  value. 

An  LVDT  was  used  to  measure  displacement  of  the  sample  and 
a  load  cell  was  used  to  measure  the  applied  stress.  The  vertical 
LVDT  was  mounted  on  the  loading  ram  of  the  apparatus,  thus  no 
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reading  could  be  taken  until  the  initial  load  of  3  MPa  (weight  of 
lever  arm  and  pan)  was  seated.  Thus  the  exact  void  ratio  under 
the  initial  loading  increment  could  not  be  measured.  As  a  result 
of  this,  the  modulus  of  compressibility  av  was  calculated  and  not 
the  coefficient  of  compressibility  m  .  The  value  ay  is  the  slope 
of  the  void  ratio  vs.  stress  curve.  The  two  values  are  related 
as  follows: 

V(1+eo)mv 

where  eQ  is  the  initial  void  ratio. 

Plots  of  void  ratio  vs.  stress  have  been  constructed  for  each 
test,  using  the  assumption  that  the  void  ratio  under  zero  stress 
is  equal  to  that  under  the  initial  loading  increment  of  3  MPa. 

B.3  Grain  Size  Distribution 

The  grain  size  distribution  of  each  of  the  five  main  sample 
groups  was  analyzed.  The  samples  were  washed  through  a  no.  200 
sieve  (0.074  mm  diameter)  and  oven-dried.  The  material  was  then 
sieved  to  determine  the  grain  size  distribution.  Standard  ASTM 
procedure  was  followed,  except  that  all  available  sieve  sizes  were 
used  in  the  analysis.  The  parameters  D-|g,  D^g,  D^g,  and  c^  were 
calculated  for  each  test  conducted. 

In  addition  to  analysis  of  the  original  samples,  the  grain 
size  distribution  of  the  direct  shear  test  samples  after  shearing 
was  analyzed  to  evaluate  the  extent  of  grain  crushing  during 


shear. 
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B.4  Density  Tests 

The  density  of  the  five  main  test  materials  was  measured  by 
air-drying  an  intact  sample  of  approximately  100  grams  and  carefully 
weighing  it  in  a  wire  mesh  basket.  The  specimen  was  then  immersed 
in  hot  carnuba  wax  which  was  allowed  to  penetrate  into  the  pores. 

Because  the  wax  was  used  at  high  temperature,  when  the  sample 
was  removed  from  the  container  all  the  excess  wax  ran  off  the  sides 
and  through  the  wire  mesh.  The  sample  was  thus  completely  sealed 
and  the  original  volume  was  maintained.  The  volume  was  then 
measured  by  mercury  displacement. 

A  minimum  of  four  specimens  were  tested  for  each  sample  group. 

Three  trials  of  volume  measurement  by  mercury  displacement  were 
performed  for  each  specimen.  The  results  are  tabulated  as  saturated 
density  with  a  range  of  measurement  error. 

Two  main  errors  are  associated  with  this  procedure.  Firstly, 
the  actual  weight  of  the  sample  may  be  slightly  less  than  the 
measured  value,  as  occasional  grains  of  sand  are  lost  during 
wax  immersion.  This  loss  was  observed  to  be  very  small.  Secondly, 
the  actual  volume  may  be  slightly  less  than  the  measured  volume 
due  to  the  presence  of  a  thin  coating  of  wax  on  the  outside  of 
the  sample.  Again,  this  coating  was  observed  to  be  very  thin, 
and  its  influence  is  probably  negligible.  The  first  error,  loss  of 
sand  grains,  will  tend  to  give  a  measured  density  higher  than  the  actual 
value,  whereas  the  second  error,  the  wax  coating,  will  tend  to  give 
a  density  value  lower  than  reality.  Thus  these  two  errors  will  tend 


to  compensate. 
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B.5  Density  Index  Tests 

The  density  index  (formerly  relative  density)  of  each  of  the 
five  main  test  materials  was  evaluated  using  the  ASTM  dry  procedure. 
For  the  minimum  density  measurement,  the  dry  disaggregated  material 
was  poured  through  a  funnel  with  a  1.9  mm  diameter  neck  into  a 
standard  Proctor  mold.  The  top  of  the  mold  was  removed  and  the 
material  was  screed  off  with  a  straight  edge.  The  soil  was  then 
weighed  and  the  density  was  calculated. 

The  same  method  of  soil  placement  was  used  for  the  maximum 
density  determination,  except  that  the  was  material  was  compacted 
by  five  minutes  of  vibration  at  maximum  amplitude  on  a  vibrating 
table  with  a  25  pound  surcharge  weight  applied  to  the  soil. 

Three  trials  of  maximum  and  minimum  density  were  performed  for 
each  sample  type. 

A  higher  value  could  have  been  obtained  for  the  maximum  density 
by  using  the  wet  compaction  method.  However,  the  interest  was 
in  comparison  of  the  samples  and  in  illustrating  the  influence  of 
diagenetic  alteration  on  porosity  and  density. 

The  density  index  IQ  was  calculated  as  follows: 

e  -  e 

T  _  max _ 

e  -  e  . 

max  min 

where  e  is  the  maximum  void  ratio,  em.  is  the  minimum  void  ratio, 
max  nnn 

and  e  is  the  in  situ  void  ratio. 


, 


■ 


■ 


' 


.  r> 


seal  pel 


••  V 

•;  r 

-  *  •  * .» ^  »*t*  . 

J 


shear  box  or 


consol i dometer 


cutting  ring 


Figure  B.l:  Method  of  sample  trimming  for  direct  shear  and 
consolidation  test  specimens. 


APPENDIX  C 


TEST  RESULTS 


C.1  Direct  Shear  Test  Results 

Complete  results  for  all  direct  shear  tests  conducted  are 
presented  herein.  Section  C.1.1  contains  summary  tables  of  the 
direct  shear  test  results  for  all  five  major  sample  groups.  Section 
C.1.2  contains  plots  of  shear  stress  vs.  normal  stress,  secant  angle 
of  shearing  resistance  vs.  normal  stress,  and  dilatency  rate  at 
failure  vs.  normal  stress  for  each  sample  group. 

Results  of  individual  tests  are  presented  in  section  C.1.3. 

Plots  of  shear  stress  vs.  horizontal  displacement  and  vertical 
displacement  vs.  horizontal  displacement  are  included  for  all 
tests  conducted,  together  with  the  grain  size  distribution  curves 
after  shearing. 

In  each  section,  the  data  for  the  materials  is  presented  in  the 
following  order:  fine-,  medium-,  and  coarse-grai ned  McMurray  Formati 
Grand  Rapids  Formation  A,  and  Grand  Rapids  Formation  C. 


C.1.1  Summary  Tables  of  Direct  Shear  Test  Results 


- 


Table  C.l:  Direct  shear  test  data  summary  for  fine-grained  McMurray  Formation 
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thus  the  measured  value  is  less  than  the  actual  value. 


Table  C.2:  Direct  shear  test  data  summary  for  medium-grained  McMurray  Formation 
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These  values  are  an  upper  bound  estimate  of  residual  as 
the  shear  stress  increased  with  each  successive  residual 
cycle. 
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Table  C.3:  Direct  shear  test  data  summary  for  coarse-grained  McMurray  Formation 
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These  values  are  an  upper  bound  estimate  of  residual  as 
the  shear  stress  increased  with  each  successive  residual 
cycle. 
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Table  C.4:  Direct  shear  test  data  summary  for  Grand  Rapids  Formation 
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Table  C.5:  Direct  shear  test  data  summary  for  Grand  Rapids  Formation 
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These  values  are  an  upper  bound  estimate  of  residual  as 
the  shear  stress  increased  with  each  successive  residual 
cycle. 
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C.1.2  Summary  Plots  of  Direct  Shear  Test  Results 
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C.2  Compressibility  Test  Results 

The  results  of  oedometer  tests  conducted  on  the  five  main 
sample  groups  are  presented  here.  Plots  of  void  ratio  vs.  stress 
are  given  for  each  tests. 
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C.3  Grain  Size  Analysis 


The  grain  size  distribution  curves  for  the  original  (unsheared) 
samples  are  presented  in  section  C.3.1.  Summary  tables  for  the 
grain  size  analysis  on  sheared  samples  are  given  in  section 
C.3. 2.  The  grain  size  curves  for  the  sheared  samples  are 
presented  with  the  shear  test  data  in  section  C.1.3. 
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C.3.1  Grain  Size  Distribution  Curves  for  Original  Samples 
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C.3.2  Data  Summary  for  Analysis  of  Sheared  Samples 


Table  C.6:  Grain  size  data  for  sheared  samples  of  fine-grained  McMurray  Formation. 
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Table  C.7:  Grain  size  data  for  sheared  samples  of  medium-grained  McMurray  Formation. 
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Table  C.8:  Grain  size  data  for  sheared  samples  of  coarse-grained  McMurray  Formation. 
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Table  C.9:  Grain  size  data  for  sheared  samples  of  Grand  Rapids  Formation 
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Table  C.10:  Grain  size  data  for  sheared  samples  of  Grand  Rapids  Formation 
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